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PREFACE 

This report summarizes the deliberations and conclusions of participants in the 
Workshop on Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry, 
and Related Areas, held in Washington, D.C., February 4-6, 1 988. The workshop was 
organized by the Board on Chemical Sciences and Technology at the suggestion of and 
with the cooperation of the Committee on Nuclear and Radiochemistry (CNR). The 
workshop was supported by the Department of Energy (DOE), the National Institutes of 
Health, and the Electric Power Research Institute. 

In 1 978 the American Chemical Society's Division of Nuclear Chemistry and 
Technology conducted a survey of the nuclear and radiochemical community to determine 
the need for chemically trained personnel. That survey indicated a serious 
discrepancy between the demand for and the supply of trained nuclear and 
radiochemists; the survey also predicted that the discrepancy would increase over the 
next decade. A subsequent survey in 1 984 proved the earlier predictions to be valid. 

The CNR recognized a need to bring together experts from the user community-the 
practitionen of nuclear medicine, the radiopharmaceutical industry, DOE national 
laboratories, and the nuclear power industry-to focus on training requirements for 
chemists in these fields. 

The workshop participants were chosen from these fields plus academic institutions 
and government administration. The workshop discussion was conducted by five panels, 
which addressed the following topics: nuclear and radiochemistry (particularly, 
education in academic institutions); nuclear and radiochemistry in other fields 
(particularly, contributions of nuclear and radiochemists to other sciences and 
applied fields); national laboratories (particularly, weapons effect diagnostics, 
waste management, environmental science, fission studies, isotope production, and 
nuclear fuel cycle research); nuclear medicine applications (particularly, basic and 
clinical research, the radiopharmaceutical industry, design of new radionuclide 
generaton, optimization of radionuclide production at acceleraton, and development 
of new applications); and the nuclear power industry (particularly, the nuclear power 
and process industry and support activities, e.g., environmental effects, severe 
accident analysis, and waste management). 

Rosalyn S. Yalow of the Veterans Administration Medical Center, Bronx, New York, 
provided the keynote address. Jan Rydberg of Chalmen Univenity of Technology, 
Gothenburg, Sweden, spoke about the European approaches to training chemists for 
nuclear chemistry activities. Background papen related to each panel's topic were 
distributed to participants prior to the workshop. During the workshop the authon 
presented highlights of these papen. The presentations of Yalow and Rydberg, as well 
as the background papen, are included as appendixes to this report. In contrast to 
the steering committee's report, which was reviewed by the National Research Council, 
the background papen are reproduced as submitted, and the views expressed by their 
authon do not necessarily reflect those of the steering committee. 

On behalf of the entire committee, we would like to thank our colleagues who 
participated in the workshop for their assistance in preparing this report. Thanks, 
too, to Peggy J. Posey and her assistants, Victoria Phillips and Maria P. Jones, for 
providing staff support in organizing the workshop and in preparing this report. 
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Gregory R. Choppin 
Michael J. Welch 
Co-Chairmen 
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OVERVIEW AND RECOMMENDATIONS 

ROLE OF NUCLEAR AND RADIOCHEMISTRY 
IN THE UNITED STATES 

Over the past four decades, nuclear science has been a significant and 

necessary factor in an extraordinary number of facets of American national 

life. During this period there have been exceptional developments in the 

use of radioactive isotopes in nuclear medicine, the radiopharmaceutical 

industry, and the ethical drug industry. The value to the health of the 

American population of the diagnostic and therapeutic uses of radioisotope

labeled compounds would be difficult to overestimate. Essentially every 

hospital in the country uses nuclear medicine to some degree. One of three 

hospital patients receives one or more nuclear medicine procedures, and the 

use of such procedures will continue to grow as new and even better methods 

of treatment and diagnosis are developed. 

Radioisotopes are used in diverse areas of research and technology. Some 

of the most sensitive analytical methods are based on radioactivation. 

Radionuclides are used widely by industry in inexpensive and reliable 

thickness gauges, flow meters, and smoke detectors, and in the development 

and verification of separation processes, studies of environmental pollu

tion, and agricultural, chemical, biological, and geological research. 

Since World War II, the national security of the United States has been 

dependent on nuclear weapons. Even with new treaties limiting nuclear 

weapons, they will remain the primary shield to protect the United States 

from foreign aggression. 

Application of nuclear technology to harness the energy produced by the 

splitting of the atom has also played a strong role in the production of 

useful energy in the form of electricity. Although the nuclear power 

industry is not growing at present, a significant fraction of the electrical 

power in the United States is now and will for decades to come be produced 

by nuclear reactors. Furthermore, as Frank Press, president of the National 

Academy of Sciences, stated in a recent interview on national research and 

development priorities, " . . .  now is the time to do the R&D for a whole new 

generation of nuclear reactors . . .  " (Science & GoYernment Report, Vol. 

XVIII, No. I, January IS, 1 988). 
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Regardless of the eventual fate of both the weapons program and the 

nuclear power industry, we must dispose of the nuclear waste that has 

accumulated thus far from these sources. Development of the optimal mode 

for containment and isolation of nuclear waste for hundreds of thousands of 

years is vital to the long-term well-being of this country and the world. 

The future vigor and prosperity of American medicine, science, tech

nology, and national defense thus clearly depend on continued use and 

development of nuclear techniques and use of radioactive nuclides. Loss of 

know-how in this field or failure to develop new uses for the technology 

could seriously and adversely affect this country's economic competitiveness 

in many technological and industrial areas. 

In nearly all the areas mentioned, there is a clear need for scientists 

who are well versed in both chemistry and nuclear science. There have been 

strong indications that the supply of such people has been increasingly 

inadequate to meet national needs in the several sectors of medicine, 

science, and technology. This workshop was held to examine whether there is 

indeed such a mismatch between supply and demand and, if so, to recommend 

corrective measures. 

ORIGIN OF THE WORKSHOP 
In 1 978, at the request of the National Research Council's Subcommittee on 

Nuclear and Radiochemistry (later renamed the Committee on Nuclear and 

Radiochemistry (CNR)), the American Chemical Society's Division of Nuclear 

Chemistry and Technology (DNCT) conducted a survey of the needs of the 

nuclear community for chemically trained personnel. The results of the 

survey, which did not include the health care industry, indicated a serious 

shortage of appropriately trained personnel to meet the projected demand. 

The survey cited three problem areas that have contributed significantly to 

a decrease in the supply of personnel trained in nuclear and radiochemistry: 

1 .  Student reluctance to enter the field because of negative public 

perception. 
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2. A decline in faculty at academic institutions qualified to train 

students. 

3. A decrease in research funding. 

Since 1984, the DNCT has addressed the iust problem area by sponsoring a 

Summer School in Nuclear Chemistry. This undergraduate fellowship program 

has proven to be a successful start toward increasing student interest in 

and awareness of applications of nuclear and radiochemistry and of career 

opportunities in the field. 

To focus on the specific needs of the user community, i.e., practi

tioners of nuclear medicine, the radiopharmaceutical industry, Department of 

Energy (DOE) national laboratories, and the nuclear power industry, for 

personnel trained in nuclear and radiochemistry, the Board on Chemical 

Sciences and Technology, in cooperation with its Committee on Nuclear and 

Radiochemistry, organized a workshop aimed at identifying the requirements 

for training such personnel. 

ORGANIZATION OF THE WORKSHOP 

The workshop followed the pattern of previously successful workshops 

organized by the CNR. The participants were chosen from academic 

institutions, national laboratories, the nuclear power industry, the nuclear 

medicine community, the pharmaceutical industry, and government 

administration. A chairman and rapporteur were responsible for the final 

report and conclusions from each panel. In addition, for each of the panel 

subjects, position papers were prepared prior to the workshop by experts in 

the field. These position papers reflect the opinions of the individual 

authors and served to provide the necessary historical and technical 

background to direct the panels in their deliberations. They are appended 

to this document. 

The panels' reports and conclusions formed the basis for the steering 

committee's recommendations included in this overview. The participants in 

the workshop have reviewed and concurred with these recommendations. 
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SUMMARY OF THE· WORKSHOP 

The panel reports (Chapters 1 through S) should be read in their entirety 

for a detailed discussion of the issues and the conclusions reached. 

However, the committee briefly summarizes the most relevant points brought 

out by the panels in order to give a rationale for the recommendations that 

.follow. 

The Panel on Nuclear and Radiochemistry (Chapter 1) was concerned with 

the current state and trends of nuclear chemistry and radiochemistry 

education in academic institutions and with possible mechanisms for meeting 

the present and foreseeable needs for people trained in nuclear and 

radiochemistry. Among the important observations of this panel, based on 

surveys conducted in 1978 and 1987, are a decrease by over 60 percent in 

radiochemical faculty over this period and a 57 percent drop in nuclear and 

radiochemistry courses offered in Ph.D.-granting departments. Yet all the 

other panels concluded that there is a clear and growing need for scientists 

thoroughly trained in radiochemistry. 

The Panel on Nuclear and Radiochemistry in Other Fields (Chapter 2) 

addressed the important contributions that scientists with nuclear and 

radiochemistry backgrounds have made and are continuing to make to other 

sciences and to various applied fields. Among the areas discussed are 

environmental studies, life sciences, materials science, separations 

technology, hot atom chemistry, and cosmochemistry. Numerous examples of 

vital contributions and major breakthroughs in these fields, resulting from 

the use of nuclear techniques, are cited in the panel report. 

The Panel on National Laboratories (Chapter 3) dealt with the training 

needs in the national laboratories, where nuclear and radiochemists have 

always played a vital role. Their particular training and experience will 

continue to be required in many areas, including, for example, weapons 

effect diagnostics, waste management, environmental science, fission 

studies, isotope production, and nuclear fuel cycle research. The panel 

estimated that the DOE national laboratories currently employ between 575 

and 850 nuclear and radiochemists (with one-third of these at the Ph.D. 
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level) and concluded that there will be a continuing need for approximately 

these numbers for the foreseeable future. In addition, they estimated that 

for about 1 ,200 M.S./Ph.D. chemists working in related areas, some radio

chemical training is highly desirable. Assuming a turnover of S percent per 

year, these estimates translate into an annual need for 1 0  to 20 Ph.D.'s who 

are experts in nuclear and radiochemistry, as well as 20 to 40 B.S. chemists 

and about 60 advanced-degree chemists who have had at least a lecture-and

laboratory course in radiochemistry. 

The Panel on Nuclear Medicine Applications (Chapter 4) considered nuclear 

and radiochemical training required in areas related to nuclear medicine. 

Two types of needs were identified. In most instances what is needed in 

basic and clinical research as well as in the radiopharmaceutical industry 

and in nuclear pharmacies are people whose primary specialization may be in 

organic synthesis, analytical chemistry, or biochemistry but who also have a 

sound background in radiochemical techniques and instrumentation. In 

addition, there is a need for a smaller number of bona fide nuclear and 

radiochemists to work in such areas as design of new radionuclide gener

ators, optimization of radionuclide production at accelerators, and 

development of new applications. The panel listed 1 20 positions that are 

currently open for chemists and pharmacists with advanced degrees and that 

require knowledge of radiochemistry. It is estimated that by 1 993 there 

will be 225 such openings. 

The Panel on the Nuclear Power Industry (Chapter S) addressed the needs 

of the nuclear power and process industry. Annual needs for chemists with 

radiochemical training were estimated to be 2 at the Ph.D. level and 25 to 

30 at the B.S. level for the utilities (power plants) themselves, and 1 0  to 

20 with Ph.D.'s and 40 to SO with B.S. degrees for support activities (e.g, 

environmental effects, severe accident analysis, and waste management). 

Because of the lack of trained radiochemists, the industries have in recent 

years relied largely on in-house training of people with other educational 

backgrounds. 

It was gratifying to find that all the panels, despite their different 
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penpectives, came to similar conclusions regarding the remedial measures 

required to alleviate the current serious shortage and to ensure a future 

adequate supply of scientists with nuclear and radiochemical backgrounds 

and knowledge. On the basis of their findings, the workshop participants 

conclude that there is a need for: 

• ensuring that all B.A./B.S.-Ievel chemists have a rudimentary under-
standing of nuclear and radiochemical concepts and techniques; 

• stimulating interest in the field among students and making them 
aware of career opportunities; 

• maintaining and strengthening a small number of academic centers of 
excellence in nuclear and radiochemistry. where future leaders in the field 
can obtain their graduate education; and 

• establishing mechanisms for providing the training needed by the 
various user constituencies. 

To these ends, the steering committee makes the following specific 

recommendations: 

I. Nuclear and radiochemical concepts and techniques should receive 

sufficient coverage in undergraduate courses to provide chemists with a 

basic understanding of this field and its applications to science and 

technology. 

2. A program of Young Investigator Awards for tenure-track faculty at 

univenities should be established, with at least five such awards to be 

given, each for a 5-year period. 

3. A program of training grants and postdoctoral fellowships should be 

established. 

4. A small number of training centers should be established at 

universities and/or national laboratories for short counes in nuclear and 

radiochemistry and for retraining scientists and technologists with 

backgrounds in other areas. The training centers should be supported in 

part by the industries and enterprises dependent on the trained penonnel. 
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S. A second summer school for undetgraduates, similar to the one that 

has been successfully conducted at San Jose State University, should be 

established at an eastern U.S. site. 

6. Adequate funding for research should be assured from the DOE, 

National Institutes of Health (NIH), National Science Foundation (NSF), 

Department of Defense (DOD), and other federal agencies to maintain the 

continued vigor of the field of nuclear and radiochemistry at universities 

and national laboratories. In particular, it is suggested that the NSF 

identify a specific program to receive proposals in the field of nuclear and 

radiochemistry and that the NSF adequately publicize this step in the appro

priate divisional announcements. 
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PANEL REPORTS 
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1 
NUCLEAR AND RADIOCHEMISTRY 

SUMMARY 

Nuclear and radiochemistry is a field of extraordinarily broad scope. Its 

continued health and vigor are vital to a number of major areas of national 

need. Because the academic component is small and is decreasing, the 

projected need for professionals trained in this field is not being met and 

cannot be expected to be met through existing mechanisms. Both immediate 

and long-term solutions are necessary. The personnel requirements are 

discussed and documented in the other panel reports and in the resource 

papers presented in the appendixes. This panel confines itself to 

suggesting mechanisms for meeting the needs. The following steps should be 

promptly initiated: 

• establish Young Faculty Investigator Awards in nuclear and radio-
chemi�try; 

• establish postdoctoral fellowship programs; 

• expand the summer program for undergraduates; 

• establish fellowship programs for training of faculty from other 
fields in the theory and practice of nuclear and radiochemistry; 

• establish training centers; 

• increase student recruiting activities; 

• promote inclusion of material on nuclear and radiochemistry in 
undergraduate chemistry courses; and 

• broaden the funding base for research in nuclear and 
radiochemistry. 

None of these urgent steps will be taken unless a number of funding 

agencies (e.g., DOE, NIH, Air Force Office of Scientific Research (AFOSR), 

Army Research Office (ARO), Office of Naval Research (ONR), and NSF) can 

be brought to recognize their responsibilities to support the training of 

the nation's future nuclear and radiochemists. In particular, it is sug

gested that the NSF identify a specific program to receive proposals in the 

1 1  
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field of nuclear and radiochemistry and that the NSF adequately publicize 

this step in the appropriate divisional announcements. 

INTRODUCTION 

A number of areas of major national need depend critically on scientists 

trained in nuclear and radiochemistry as well as on the results of research 

in nuclear and radiochemistry. Among these areas are: 

I. Health care, including nuclear medicine, the radiopharmaceutical 

industry, and radioactive tracer studies in the ethical d�g industry. 

2. National security, specifically the nuclear weapons program. 

3 .  Nuclear energy, which currently provides 17 percent of U.S. electric 

power. 

4. Nuclear waste isolation, an important issue even if all nuclear 

power plants were to be shut down immediately, because there is a 40-year 

accumulation of waste from the defense and power plants. 

S. Monitoring and management of the environment. 

6. Fundamental nuclear science, including chemical effects of nuclear 

transformations. 

Thus the welfare and competitive strength of the nation demand that the 

future of the field of nuclear and radiochemistry be assured. In spite of 

the importance of nuclear and radiochemistry, the National Research 

Council's Summary Report 1986: Doctorate Recipients from United States 

Unirersities (Washington, D.C.: National Academy Press, 1987) shows that 

only 10 to 12  Ph.D. students are graduating each year and that that number 

is dropping. Twenty percent are not U.S. citizens. 

The panel recognizes that nuclear and radiochemistry is a relatively 

small field in terms of numbers of practitioners, but its scope is 

extraordinarily broad. A common thread that runs through it is the use of 
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radioactivity and nuclear techniques combined with the knowledge and 

methodology of chemistry. As a scientific field with a small population, 

nuclear and radiochemistry is particularly vulnerable to extinction. That 

concern is the motivation behind this workshop. 

NUCLEAR AND RADIOCHEMISTRY AT ACADEMIC INSTITUTIONS 

In 1978, because of widespread concern that fewer scientists in nuclear and 

radiochemistry were being produced by educational institutions than would be 

required over the next decade, a survey of the need for chemically trained 

nuclear personnel was conducted by the Division of Nuclear Chemistry and 

Technology (DNCT) of the American Chemical Society (ACS) at the request of 

the National Research Council's Subcommittee on Nuclear and Radiochemistry 

(later renamed the Committee on Nuclear and Radiochemistry (CNR)). Indeed, 

the survey indicated that over the next decade there would be a serious gap 

between the supply of and demand for nuclear and radiochemists. 

Recently, it was perceived that the problem is even more severe than 

previously anticipated. In order to investigate the current situation, 

E.S. Macias and G. Friedlander in 1987 circulated a questionnaire similar to 

one used in 1978. The results of this survey are given in detail in the 

attached paper, "Nuclear and Radiochemistry Education in U.S. Universities 

and Colleges• (Appendix E). It confirms the rather dire predictions about 

supply presented in the 1978 survey. 

Because of the current and projected future demand for personnel trained 

in nuclear and radiochemistry, the United States is faced with a critical 

situation. The total number of nuclear and radiochemistry faculty at 

Ph.D.-granting institutions has decreased dramatically in the past decade, 

and the number of separate departments in which they reside has dropped by 

about one-third. Although the number of faculty working in fundamental 

nuclear chemistry decreased by only 10 percent between 1978 and 1987, there 

was a decrease of 64 percent in the number of academic radiochemists! There 

was an increase of 8 years in the average age of the radiochemists compared 

to an increase of only 2 years in the average age of all nuclear and 
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radiochemistry faculty.· Further, no new radiochemistry faculty were added. 

Yet it is in the radiochemistry area that the workshop panels have projected 

the greatest need for trained personnel. The survey further showed that 

only 42 (22 percent) of all Ph.D.-granting institutions offered courses in 

nuclear and radiochemistry, compared to 70 in the 1978 survey. The 

statistic that most dramatically illustrates the anemic state of academic 

nuclear and radiochemistry instruction in the United States today was that 

the total of 66 courses offered at Ph.D.-granting institutions in 1987 is a 

57 percent decrease from the 153 courses offered in 1978. The widely held 

view that the opportunity for academic training in nuclear and 

radiochemistry is declining in the United States is certainly substantiated 

by the current survey. Yet each of the panels addressing national needs 

lists education as a top priority action item. 

In order to meet the demand for Ph.D.'s in nuclear and radiochemistry, it 

is absolutely essential not only to maintain but also to increase the number 

of faculty and graduate students in this discipline in the chemistry 

departments of Ph.D.-granting institutions. In a given chemistry 

department, there is probably a "critical mass" of two to three professors 

required in order to provide a viable program of research and course 

offerings. To accomplish this, funding must be available for new assistant 

professors in the field. Although there appears to be a resurgence in 

graduate student interest in the field, currently no responsibility for 

·funding research in nuclear and radiochemistry is recognized explicitly by 

either DOE or NSF. A substantial amount of nuclear chemistry (identified as 

type 1 in Appendix E) is funded by DOE's Office of Energy Research, Division 

of High Energy and Nuclear Physics; the division's activity is increasingly 

oriented toward higher-energy physics, with less emphasis on traditional 

nuclear chemistry approaches. Some studies of actinide and separations 

chemistry are funded by DOE's Office of Basic Energy Sciences, Division of 

Chemical Sciences. However, there is no real "home" in the funding agencies 

for nuclear and radiochemistry as such despite continued interest in pure 

research on high-energy reactions, heavy-ion reactions, studies of nuclear 
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and chemical properties of the heaviest elements, the search for superheavy 

elements, cosmochemistry, hot atom chemistry, and the separation sciences, 

to name a few. 

Although the requirements, identified by the other panels, for what 

amounts annually to several hundred "professionals with training in nuclear 

and radiochemistry" can perhaps be met for the short term by specific 

training courses, this is not a sufficient solution for the long term. What 

will be the source of the more broadly knowledgeable scientists to conduct 

the training if university and college chemistry departments do not replace 

retiring professors in nuclear and radiochemistry? 

The intellectual challenges of nuclear and radiochemistry have a 

resoundingly successful history, giving a basis for confidence that future 

activities with similar vitality are probable. These intellectual 

challenges have actually attracted an increased number of graduate students 

(+32 percent) over the period since the 1978 survey in spite of the 

decreased number of nuclear and radiochemistry faculty at Ph.D.-granting 

institutions. 

A further concern is raised as a consequence of the survey discussed in 

Appendix E. About one-third of the current nuclear and radiochemistry 

graduate students are enrolled at institutions that do not offer any courses 

in nuclear and radiochemistry. This is particularly evident for students 

who are entering the fields of nuclear medicine and radiopharmaceutical 

chemistry. 

The inescapable conclusion is that the United States must take prompt 

action to ensure the vigor of nuclear and radiochemistry in the chemistry 

departments of Ph.D.-granting institutions. This is necessary in order to 

fill the projected needs for (1) Ph.D. nuclear and radiochemists and (2) 

training in nuclear and radiochemistry for professionals in related 

disciplines and applied areas. 

In the following sections the panel presents some concrete suggestions 

that would help to ensure the viability of nuclear and radiochemistry at 

U.S. universities and colleges. 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


16 

YOUNG INVESTIGATOR AWARDS 

The number of chemistry departments with strong, active programs in nuclear 

and radiochemistry is small and is shrinking, an unacceptable situation. A 

program of Young Investigator Awards for tenure-track faculty at 

universities should be established to provide incentive to university 

chemistry departments to hire nuclear and radiochemistry professors and to 

support these young faculty with sufficient funding to develop viable 

research and educational programs for the future. The panel suggests that 

1. Support be sought for the establishment of Young Investigator 

Awards (YIA) to fund assistant professors in nuclear and radiochemistry. 

2. Five such awards be given to chemistry departments over a 5-year 

period under a competitive scheme. The basis of the competition shall 

include the department's current strength in nuclear and radiochemistry, the 

caliber of the candidate, and the commitment of support for the position. 

3. The budget for each YIA include start-up funds of $250,000 and 

$50,000 of annual support for 5 years. 

4. Support for these YIAs be provided by the DOE, possibly by other 

federal agencies, and by industries requiring persons trained in this field. 

POSTDOCTORAL TRAINING PROGRAMS 

There is a substantial and unmet need for chemists with radiochemistry 

training to fill positions in nuclear medicine programs in medical schools, 

hospitals, and the radiopharmaceutical industry. A few (approximately 8 per 

year) of these positions must be filled by individuals having a Ph.D. degree 

in nuclear and radiochemistry. Most of these positions (approximately 25 

per year) require individuals with degrees in other disciplines, most 

frequently synthetic chemistry, but some will hold degrees in other areas of 

the physical and life sciences. They will, however, all have career 

interests in using radioisotopes for important research problems. This need 

should be met through support from NIH for a few training grants to support 

postdoctoral fellows in radiochemistry. These training grants would be most 
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effective at universities that include nuclear and radiochemists in the 

chemistry department and in the medical and pharmacy schools. The fellows 

should take at least one formal course in nuclear and radiochemistry, 

including both lectures and laboratory experience, as well as engage in at 

least one year of research on applications of radiochemistry to experimental 

problems of their interest. 

In addition, there is a projected shortfall of at least 10 Ph.D. nuclear 

chemists per year in the national laboratories. To alleviate this shortage, 

it is necessary to establish postdoctoral fellowships to prepare chemists 

who have received graduate education in other areas of chemistry for careers 

in nuclear or radiochemistry. 

SUMMER PROGRAMS FOR UNDERGRADUATES 

There is a perceived and urgent need to attract talented and motivated 

students to nuclear and radiochemistry and to academically related areas 

such as nuclear medicine. The current and anticipated opportunities for 

such graduates far exceed the number of available candidates. Most 

undergraduate schools give no introduction to such topics in their B.A./B.S. 

chemistry programs. This obvious need is being met, in part, by a special 

undergraduate fellowship program sponsored by the Division of Nuclear 

Chemistry and Technology of the American Chemical Society. The program is 

a 6-week Summer School in Nuclear and Radiochemistry, funded by the 

Department of Energy and taught at the undergraduate nuclear science 

teaching facility at San Jose State University. This summer school, held 

for the past four summers, has attracted several hundred applicants, from 

whom 47 students were selected and have participated to date. Twenty-six of 

these 47 students have now graduated from their respective colleges and 

universities, 8 are studying in areas of nuclear chemistry in graduate 

school, and all but 2 or 3 of the remainder are in graduate or medical 

schools. The success of this summer school program has led to the proposal 

to expand this concept by funding a second, similar program in the eastern 

United States. 
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FACULTY FELLOWSHIP PROGRAM 

A recent survey by the Educational Testing Service of the content of 

freshman chemistry courses in leading U.S. universities and colleges found 

that only 2 percent of such a course is devoted to nuclear and 

radiochemistry. More than 20 percent of the respondents provided no 

coverage of nuclear stability, decay, or reactions. 

In order to foster knowledge in nuclear and radiochemistry among college 

chemistry faculties in general, it is proposed that funds be budgeted to 

allow for the establishment of a summer and sabbatical leave fellowship 

program for college and university faculty members. Such a program will 

allow interested college faculty members to participate in a training or 

research experience in nuclear and radiochemistry. These faculty can be 

expected to transfer their newly acquired knowledge to their home 

institutions and to provide a background for the development and teaching of 

courses and programs in nuclear and radiochemistry at such locations. 

The panel recognizes that only a very limited number of students will 

have the opportunity to take a course in nuclear and radiochemistry. Due to 

the importance and significance of radioactivity in public health and in the 

environment, the panel strongly suggests that all chemistry students 

receive at least a minimum education in radioactivity. This minimum 

requirement could be met by including two to four lectures on radioactivity, 

including appropriate discussion of risks and . benefits, in general 

chemistry. 

TRAINING CENTERS FOR NUCLEAR AND RADIOCHEMISTRY 

There is a need for a center, or centers, that can provide an appropriate 

introduction to nuclear and radiochemical topics for scientists switching 

into the field. Such centers would serve the needs of many segments of the 

scientific community and would provide basic laboratory and practical 

training, in addition to lecture material. Such centers could be located at 

universities, hospitals, or national laboratories and could provide short 

courses in various formats to suit the diverse requirements in these fields. 
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STUDENT RECRUITMENT 

In addition to the recruitment of students into nuclear and radiochemistry 

careers and training at the collegiate level (see the section on summer 

programs for undergraduates), the panel urges that an effort be made to 

inform high school students of the excitement and career opportunities in 

nuclear and radiochemistry and related nuclear sciences. One mechanism to 

accomplish this goal is to meet with local high school students and their 

teachers in a special evening session during each national American Chemical 

Society meeting. This should be arranged by the ACS Divisions of Chemical 

Education and Nuclear Chemistry and Technology. 

Another avenue for reaching a much larger audience of high school and 

junior high school students is through an interactive video laser disc based 

exhibit that could circulate among science museums. Themes of current 

interest to students could be developed. This would be an effective way to 

show students the important roles of chemists and to give information on the 

training necessary for pursuing a career in the field. 

FUNDING 

Although the focus of this workshop is on training requirements, it is clear 

that students and postdoctoral researchers cannot be trained in nuclear and 

radiochemistry if there are no exciting and adequately supported research 

activities in these fields in at least a few universities and in the 

national laboratories. Continued research funding from the DOE and NIH is 

absolutely essential in order to support faculty, postdoctoral research 

associates, and graduate students in nuclear and radiochemistry. 

In view of the national needs identified in this report and the central 

role of nuclear and radiochemistry in a number of fields of fundamental 

scientific research, NSF must accept a share of the responsibility for 

supporting research and graduate studies in this field. In particular, it 

is suggested that the NSF identify a specific program to receive proposals 

in the field of nuclear and radiochemistry and that the NSF adequately 

publicize this step in the appropriate divisional announcements. 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


l 
NUCLEAR AND RADIOCHEMISTRY IN OmER FIELDS 

SUMMARY 

Nuclear and radiochemistry theory and techniques have contributed 

significantly to such diverse endeavors as high-sensitivity analyses of 

extremely pure electronic materials, determinations of movements of nuclear 

and non-nuclear hazardous wastes in the geo- and biospheres, studies 

relating to "nuclear winter" and the "greenhouse effect," and the counting 

of neutrinos from the sun to test theories about the reactions that sustain 

its heat and light. These examples are part of a broader spectrum of 

contributions of nuclear and radiochemistry to the earth and cosmological 

sciences, life sciences, materials science, and separations science. 

Appropriate training for students of such disciplines is required if the 

full potential of these fields is to be realized, yet it is clear from the 

experience of the workshop participants that most practitioners in other 

fields who use nuclear and radiochemistry are not receiving the proper 

training. For such individuals, a lecture course plus laboratory training 

in nuclear and radiochemistry would be adequate. New textbooks and new 

curricula must be developed. Funding for radiochemistry teaching equipment 

must be made available by appropriate federal and state agencies since most 

universities do not have such equipment now. For personnel who already use 

nuclear and radiochemistry in other fields, or who wish to begin such work, 

short courses given under the auspices of a university, the American 

Chemical Society, or other organizations such as Oak Ridge Associated 

Universities would suffice. 

INTRODUCI10N 

Over the past several decades, developments in nuclear and radiochemistry 

have greatly altered and enhanced U.S. industrial, defense, agricultural, 

educational, and numerous other activities. In order for the nation to 

maintain economic and political competitiveness in the international arena, 

strong support for teaching and research in nuclear and radiochemistry in 

universities and colleges is essential, not only for nuclear and radio

chemists but also for workers in many other fields. Unfortunately, much 
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of the present teaching equipment and instrumentation is outmoded and 

inadequate. Existing textbooks have not kept pace with the expanding 

information base or with the increasingly diverse group of scientists 

working in other fields who make extensive use of the theories and 

techniques that have been developed by nuclear and radiochemists. Despite 

the contributions that nuclear and radiochemistry have made to the evolution 

of other sciences, there is no "home" for much of the research in any of the 

funding agencies, and relatively few universities are equipped to provide 

adequate training in nuclear and radiochemistry to students specializing in 

other areas. A strong commitment to investments in such university programs 

is needed if progress in nuclear and radiochemistry is to continue to pay 

off in advances in the life sciences, materials science, industry, 

separation science, environmental science, agriculture, and other 

theoretical and applied related fields. 

CHEMISTRY OF mE NATURAL AND PERTURBED ENVIRONMENT 

The environmental sciences were revolutionized after World War II by the 

development of techniques for measuring very small amounts of radionuclides 

and the isotopic compositions of elements. Nuclear methods, such as 

radiocarbon dating, were used to determine the time frames of environmental 

systems (geochronologies) and to trace the movements of natural materials 

within and among the various geospheres (i.e., the atmosphere, hydrosphere, 

and biosphere). Today, stable isotope geochemistry and nuclear geochemistry 

are integral parts of earth and planetary sciences. Nuclear analytical 

chemistry, especially neutron activation analysis, has been an essential 

tool for determining trace element concentrations in the rocks and minerals 

of the solid earth and in the atmosphere and hydrosphere. 

In the early 1950s, a new parameter was introduced into natural systems: 

artificially produced transuranic, fission-product, and activation-product 

radionuclides from weapons testing. These radionuclides extended our 

ability to study the movements of materials, both natural and man-made, in 
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the environment. Today there is a continuous release of a small amount of 

artificial radionuclides into the environment from nuclear energy facilities 

and weapons testing (now mostly underground). These releases present an 

opportunity to learn more about the movement of various species in the 

environment (allowing us to predict the fate of both nuclear and non-nuclear 

hazardous materials) and a challenge for us to identify any radionuclide that 

may be detrimental to human health. Thus there is a crucial need for a cadre 

of environmental chemists trained in nuclear and radiochemistry to improve our 

understanding of the disposition of radionuclides in the biosphere and to 

guide surveillance programs. Further, even the small possibility of accidents 

with large releases requires quick responses from experts who understand these 

kinds of problems in order to minimize damage to public health and to the 

environment. 

The federal government has placed a high priority on understanding the 

long-term changes in global climate that are produced by natural causes, such 

as volcanic activity and solar cycles, and by man-made changes, such as the 

buildup of carbon dioxide from the burning of fossil fuels (the "greenhouse 

effect") or the release of chlorofluorocarbons. These changes can have 

enormous consequences, and our ability to understand, predict, and perhaps 

control these effects requires a detailed knowledge of the mixing of materials 

within the geospheres, an'd the exchange of energy and materials between them. 

Much of our present knowledge in these areas has come from studies of the 

movement of natural and artificial radionuclides. However, much more 

knowledge is needed for the development and testing of global models that 

successfully account for the sources� transportation, and deposition of 

airborne materials on a global basis. This research requires the assay of 

radionuclides and the determination of isotopic ratios in the various 

environmental compartments and the measurement of trace elements 

characteristic of certain sources or regions on samples collected at sites 

remote from extensive human activities. Many other significant results, such 

as a better understanding of the "nuclear winter" following nuclear 

explosions, the flow of groundwaters, the ages of geological formations, and 
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the permeability of soils, will derive from these kinds of studies. The 

information obtained from these fundamental studies will also be important for 

control of practical problems, such as the management of hazardous and 

radioactive wastes. 

Nearly all university departments dedicated to environmental studies 

(geological, hydrological, oceanic, and atmospheric sciences) use nuclear 

chemistry techniques that usually require sophisticated instruments. These 

departments, as well as their counterparts in national and private 

laboratories, need a steady supply of investigators trained in nuclear 

chemistry to expand and enhance current research. An appropriate and 

effective way to meet the need for a continuing supply of environmental 

scientists trained in nuclear and radiochemistry would be for relevant 

agencies, such as the DOE, the Environmental Protection Agency (EPA), and the 

U.S. Nuclear Regulatory Commission (U.S. NRC), to provide sustained support 

to investigators who also direct graduate student research and teach in the 

universities. Such support would achieve the multiple goals of meeting the 

missions of the respective agencies, providing the needed research to solve 

the fundamental and applied challenges in the environmental sciences, and 

training the next generation of environmental scientists in the areas of 

nuclear and radiochemical science and technology that have become an integral 

part of many specialties. 

APPLICATIONS OF NUCLEAR AND RADIOCHEMISTRY 
IN THE LIFE SCIENCES 

The term "life science• in this context is intended to include topics relating 

to human and animal health science and agriculture but not to the field of 

nuclear medicine, which is discussed in Chapter 4 of this report. The current 

activities and future needs of these disciplines are similar in terms of 

educational objectives relating to fundamentals in nuclear science and its 

applications. 

Current applications of nuclear science and technology in the life 

sciences include qualitative and quantitative analyses of the molecular and 

elemental components of biological fluids by methods such as radioimmunoassay 
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(RIA), radioisotope dilution, and neutron or charged-particle activation, 

and the use of radiotracen or stable isotopes for metabolic studies, 

biosynthetic pathway studies, and nucleotide sequencing. Other applications 

involve characterization of the structures of biologically important 

molecules through techniques such as JIJCf mass spectrometry and the use 
of ionizing radiation for food preservation and sterilization. Nuclear and 

radiochemical techniques have been used to identify appropriate nuclides for 

use in these applications and to develop methods for the production, 

isolation, and purification of a variety of radiolabeled and nonlabled 

biological materials. Nuclear chemists have also contributed to the 

development of detection technology (new detectors and low-level counting 

techniques) for methods used in the life sciences. 

Many future advances in the life sciences will be aided by the continuing 

development of nuclear technology. For example, the use of RIA will be 

expanded to applications in fields outside nuclear medicine, which will 

require the development of more sensitive detection techniques. The 

response of the nuclear chemistry community to the needs of the life 

sciences must also include the production and characterization of a wider 

spectrum of radioisotopes than is currently available. The field of 

biotechnology, particularly in such areas as protein sequencing by synthetic 

means and recombinant DNA methodology, could be advanced by further 

development of the mass range and sensitivity of nuclear-based analytical 

methods such as JIJCf mass spectrometry. Nuclear chemists must also 

provide expertise for improving the use of ionizing radiation for food 

preservation and sterilization and for undentanding the microscopic effects 

of ionizing radiation in this application. In addition, many life 

scientists will require training in the use of the materials and techniques 

that have been and will be developed by the nuclear and radiochemical 

community. 

MATERIALS SCIENCE 

Nuclear and radiochemistry has contributed in a number of areas of materials 

science, and further application of this technology is vital to future 
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progress in a number of significant research and development problems. For 

example, a major requirement in electronics is ultrahigh-purity materials, 

such as silicon and germanium. Activation analysis, using a high flux of 

neutrons from a reactor or charged-particle beams from acceleraton, has 

been useful in these analyses and is sometimes uniquely capable of solving 

specific problems, such as the determination of uranium impurities too small 

to be assayed by any other method. Similarly, very low levels of boron have 

been measured in high-purity semiconductor materials by a new nuclear 

analytical method called neutron-capture prompt gamma ray activation 

analysis (PGAA), in which prompt gamma rays are observed while samples are 

irradiated in a beam of neutrons from a reactor. Since ultrahigh-purity 

materials are critical to further improvements in solid-state electronic 

devices, continued improvements are needed in these nuclear analytical 

techniques. 

One of the most exciting prospects in nuclear analytical chemistry is the 

use of PGAA with beams of cold neutrons from the National Bureau of 

Standards research reactor. The cold (cryogenic-temperature) neutrons will 

be conducted in a beam tube far from the background radiation around the 

reactor with little loss of flux. This facility (which will be available to 

outside users) will improve the sensitivity of PGAA by at least 2 orders of 

magnitude. Among other things, it will be extremely valuable for the 

ana!ysis of materials, such as the determination of very low hydrogen levels 

in metals. If this facility proves to be as valuable as anticipated, 

similar ones will be installed at other U.S. reactors. Obviously, 

researchers trained in materials science as well as nuclear and 

radiochemistry will be needed if the full potential of the facility is to be 

realized. Several such facilities are already operating in Europe. 

Studies of radiation damage for fission and fusion reacton are carried 

out in high-flux reactors, but they are also carried out at accelerators by 

such methods as implanting alpha particles and other nuclides to create 

voids and dislocations. These types of studies use the tools and techniques 
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originally developed in nuclear chemistry and nuclear physics. Another area 

of great success in materials science is ion implantation, which has a 

similar accelerator-based background. 

Another technique that originated in nuclear science is MOssbauer 

spectroscopy. This technique has had a great impact in many areas, 

including materials science. For example, the analysis of radiation damage 

in Nb3Sn-type superconductors was done with uesn MOssbauer 

spectroscopy. Current research is seeking information on the new ceramic 

high-temperature superconducton by substituting ll'Sn for copper. 

Thus it is clear that continued improvement in acceleraton, reacton, 

nuclear instrumentation, and nuclear and radiochemical techniques is of 

considerable importance to materials science. Materials scientists working 

in many areas will need training in nuclear and radiochemical theory and 

technology if they are to remain at the forefront of research in their 

specialties. 

SEPARATION SCIENCE 

Future progress in fields as divene as biotechnology, hazardous and radio

active waste management, electronics, nuclear power, materials science, and 

medicine depends heavily on the development of new separation technologies. 

These developments, in turn, often depend on or can be greatly simplified by 

the use of nuclear and radiochemical methods. Thus scientists, engineen, 

and technicians who are involved in the development and use of new separa

tion methods (or the improvement of established methods such as solvent 

extraction, ion exchange, absorption, and precipitation) must also be 

skilled in the use of nuclear and radiochemical techniques. 

The nuclear fuel cycle is perhaps the most obvious marriage of separation 

science with nuclear and radiochemistry. Uranium is mined and then refined 

by solvent extraction methods. The uranium must be isotopically enriched 

for use as fuel, and the spent fuel then reprocessed to recover unburned 

uranium, other fissile materials, and fission products. The fission 

material and useful byproducts may be recovered for use, and the 
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remaining material must be properly disposed of as radioactive waste. A 

number of aqueous and nonaqueous separation technologies, such as solvent 

extraction, ion exchange, gaseous diffusion, atomic vapor laser isotope 

separation, and various pyrochemical processes, are used in the fuel cycle 

for various applications. Clearly, any scientist working to improve the 

safety and efficiency of the nuclear fuel cycle needs a thorough under

standing of many aspects of both separation science and technology and 

nuclear and radiochemistry. 

Nuclear reactors are also used to produce the transuranium elements for 

fundamental research in physics and nuclear chemistry, as well as various 

radioisotopes of other elements for use in nuclear medicine and other 

applications. The cost and rate of production of these materials are often 

controlled by the separation processes that are used to recover and purify 

them. Separation scientists attempting to develop improved methods for the 

production of these materials must understand the special problems-such as 

the charring of ion exchange resins in high-radiation fields-that occur when 

intensely radioactive samples are handled. 

The need for ultrahigh-purity materials in the electronics industry is 

discussed in the materials science section. The nuclear power, biotech

nology, pharmaceutical, and food industries (among others) also have special 

needs for materials that are ultrapurified with respect to one or more 

components. Radiotracer methods are well suited for use in the development 

of new purification methods, and only nuclear analytical techniques are 

sensitive enough to assay some species at levels low enough to meet process 

and regulatory requirements. 

In general, radiotracer techniques are very useful in the development of 

separation methods and also in the elucidation of the mechanisms of the 

separations. Unfortunately, most separations chemists receive little or no 

training in radiochemical techniques and so rely on wet chemical or 

instrumental techniques that are more time consuming and expensive. This 

hampers the progress of separation science as well as the progress of fields 

that rely on improved separation technology for their development. 
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CHEMISTRY OF ENERGETIC ATOMS (HOT ATOM CHEMISTRY) 

Hot atom chemistry is the study of the chemical effects associated with 

nuclear transformations, whether produced by nuclear-reactor or cyclotron 

irradiation, or by radioactive decay of electron capture or isomeric 

transition nuclides. Since its discovery by Szilard and Chalmers in 1934, 

one of the fundamental goals of hot atom chemistry has been to understand 

the chemistry of energetic radioactive atoms in gas and condensed-phase 

environments. Hot atom chemistry is a specialty area of physical chemistry, 

and most of the research has been conducted in universities and national 

laboratories. These programs have proven to be excellent training grounds 

for doctoral candidates in radiochemistry, and they have provided results 

that have had major impacts in many other areas of science. For example, 

carbon- 1 4  radiocarbon dating, the discovery of stratospheric ozone depletion 

by chlorofluorocarbons, and various applications in nuclear medicine were 

all derived from hot atom chemistry research. In addition to employment at 

universities and the national laboratories, Ph.D. graduates trained in hot 

atom chemistry have found careen in nuclear medicine, state or federal 

health, energy, and environmental sciences laboratories, and nuclear power 

plants. There are various unique advantages to receiving training as a hot 

atom chemist; because of their research and formal course training, these 

scientists can make an immediate impact in areas requiring in-depth 

expertise in radiochemistry. 

COSMOCHEMISTRY 

In this context, cosmochemistry refers to the chemical and nuclear aspects 

of questions relating to the origin, structure, and future of the universe. 

It seeks to understand the origin of the elements, the "Big Bang, • and the 

reactions in stan, quasars, and other extraterrestrial bodies. Such 

studies are vital to testing the "Grand Unified Theories• as well as the 

intermediate theories that have been developed in the search for a "Grand 

Unified Theory.• Nuclear and radiochemical techniques often play a critical 

role in confirming, disproving, or refining these theories. 
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An excellent example of the use of nuclear and radiochemistry to solve 

cosmochemical questions is the experiments to study the neutrino flux from 

the sun, which were begun over 20 years ago at Brookhaven National 

Laboratory. The results of these experiments will tell us much about a 

hotly debated question in particle physics, namely, whether or not the 

neutrino has mass. In the first experiment, neutrinos were detected through 

reaction with chlorine-37 in a tank located in a deep mine that contained 

many tons of a chlorocarbon. The reaction produced a very small amount of 

argon-37, which was swept out of the tank and counted. Only a fraction of 

the neutrinos expected from the standard solar model were detected. For 

that reason, a second experiment is now being mounted using gallium-7 1 .  The 

reaction of this isotope with neutrinos produces germanium-7 1 .  Thirty 

metric tons of natural gallium is expected to produce about one germanium-7 1  

atom per day. The threshold of the gallium-7 1 reaction with neutrinos is 

only about 200 keY versus about 800 keY for chlorine-37, so more neutrinos 

should be detected and less dependence on the details of the model of the 

sun is expected. The germanium chloride produced in an 8-molar solution of 

gallium chloride in 2-molar hydrochloric acid will be swept out, converted 

to the hydride, and counted. This experiment is a classic example of the 

ability of the nuclear chemist to handle very low-productio��:-rate problems 

in order to solve some of the most fundamental questions of the structure of 

the universe. 

Other areas in which nuclear chemists make contributions to 

cosmochemistry include the measurement of cross sections needed for 

nucleosyntheses calculations and the study of isotopic ratios of elements 

and cosmic-ray-induced radioactivity in meteorites for cosmic-ray and other 

outer-space information. The development of small-production-rate 

chemistry, such as "one-atom-at-a-time" chemistry in the heaviest actinides 

and in the transactinides, and of ultrasensitive mass spectrometry 

techniques has contributed greatly to resolving the questions raised by 

cosmochemists. 
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NEED FOR TRAINING IN NUCLEAR AND RADIOCHEMISTRY 
FOR WORKERS IN OmER FIELDS 

As has been shown, worken in many sciences require training in the 

following areas if they are to make effective use of nuclear and 

radiochemical methods: the biological effects of radiation, the detection 

and analysis of ionizing radiation, the interaction of radiation with 

matter, the chemistry and methodology of radiotracen (with and without the 

use of carrien), radiation monitoring, nuclear and radiochemical analytical 

techniques (especially activation analysis), the handling of radioactive 

waste materials, and basic health physics. In some cases, special topics, 

such as actinide chemistry, radiodating methods, hot atom chemistry, the 

production of radionuclides and labeled compounds, and chemical aspects of 

the nuclear fuel cycle, are important. A textbook and curriculum must be 

developed that address the needs of students who are majoring in other 

disciplines but who need some knowledge of nuclear and radiochemistry. This 

curriculum should be available to upper-level undergraduate and entering 

graduate students as part of a formal lecture and laboratory course in 

radiochemistry. 

However, it is neither practical nor desirable for every univenity to 

provide counes in nuclear and radiochemistry. Thus alternative sources for 

education and training in nuclear and radiochemistry are necessary. The 

American Chemical Society (ACS) Summer School in Nuclear and Radiochem

istry offers most of the needed information and should be offered at two or 

three sites each year. Counes in nuclear and radiochemistry that have been 

offered sporadically by the national laboratories, the ACS, and various 

unive rsities or university co nsortia (e.g.,  Oak Ridge Associated 

Universities) could also provide the necessary training. 

It should be especially noted that a theoretical knowledge of nuclear and 

radiochemistry is inadequate in sciences that require the actual use of a 

method or process in the laboratory, plant, or field. Thus adequate 

laboratory courses are an essential part of a curriculum provided for 

workers in other disciplines. Administrators and funding agencies must 
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recognize that budgets for the purchase, maintenance, and replacement of the 

specialized equipment used for research and teaching in nuclear and 

radiochemistry are essential. 

CONCLUSIONS 

I .  An upper-division or graduate lecture coune in nuclear and 

radiochemistry plus a 1 - to 2-hour laboratory course would be appropriate 

and sufficient for scientists in other disciplines who make use of nuclear 

and radiochemical science and technology. 

2. Appropriate agencies (e.g., DOE, EPA, NSF, NIH, and the U.S. NRC) 

should fund radiochemistry teaching equipment for university counes. 

3. For personnel already involved in or seeking to enter disciplines 

that require specialized training in nuclear and radiochemistry, short 

courses are appropriate. These include university continuing education 

counes, ACS courses, and courses given by consultants or by centers such as 

Oak Ridge Associated Universities. 

4. Communication among universities, national laboratories, the nuclear 

utilities, and other industries must be enhanced to ensure adequate, 

relevant training opportunities in nuclear and radiochemistry for workers in 

other fields. 

S. Industry and the national laboratories should play an active role in 

supporting the universities, the ACS, and other institutions that provide 

specialized training in nuclear and radiochemistry. Such support should 

include providing information on career opportunities, guest lecturers, 

suggestions on course content, direct funding, and equipment grants. 

6. A new textbook is needed on applied nuclear and radiochemistry for 

workers in other fields. 
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NATIONAL LABORATORIES 

SUMMARY 

It is anticipated that the national laboratories will continue to have major 

research and development programs supported by the DOE. In addition to the 

basic research programs, applied programs have promoted the development of 

nuclear and other forms of energy, nuclear medicine, and nuclear weapons. 

Radiochemists and nuclear chemists have played, and continue to play, 

important roles in many aspects of these programs. Also, trained 

radiochemists are involved in a number of programs in which radiochemical 

techniques are applied. Although possible changes in national policy 

regarding these laboratory programs contribute some uncertainty to projected 

needs for personnel, trained radiochemists will continue to be needed in 

several important long-range programs. Because of the increasing average 

age of nuclear and radiochemistry staff members at the national laboratories 

and the corresponding increase in retirement rates, the panel believes that 

the needs summarized below for trained new staff members are realistic, even 

considering potentially significant changes in program funding. 

The panel's estimates of the national laboratories' needs for researchers 

are as follows: 

1 .  Ten to twenty Ph.D.'s per year who are expert in nuclear and 

radiochemistry, have had formal course training in the field, including 

training in laboratory practices, and have done their thesis research in an 

area involving radioactivity. 

2. Sixty advanced-degree chemists, working in related fields, whose 

training includes at least one course in radiochemistry that also requires 

laboratory work. 

3. Twenty to forty B.S.-degree chemists whose training includes one 

course in radiochemistry, including laboratory practice. 

To ensure that scientists with these qualifications are available in the 

future, the panel is unanimous in its opinion that 

33 
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1 .  The Summer School in Nuclear Chemistry, which has been held at San 
Jose State University for the past four summers, should continue to be 

supported. The panel regards this school as one of the most positive 

solutions to the problem of providing chemists trained in nuclear and 

radiochemistry to work on national programs in the coming years. The panel 

encourages the present plans to expand this activity by organizing a second 

summer school at Brookhaven National Laboratory. 

2. Instruction in nuclear and radiochemistry should be required for 

every B.S.-level student in chemistry, because the principles and methods of 

nuclear and radiochemistry are used extensively in a wide variety of 

research and industrial institutions. Knowledge of radiation, radioactiv

ity, and nuclear energy has become an important component of a scientific 

education. 

3. Young Investigator Awards should be established for junior chemistry 

faculty specializing in nuclear and radiochemistry. These awards could be 

supported by organizations such as the NSF, NIH, and DOE and by industry to 

provide several multiyear, tenure-track faculty appointments. 

4. Regional training centers for the study of nuclear and 

radiochemistry should be developed at selected universities. Such centers 

would offer courses specifically designed to meet, in addition to other 

objectives, the training needs of the national laboratories, so that DOE 

support of the centers would be appropriate. Alternatively, DOE should be 

encouraged to establish training courses at one or more of the national 

laboratories. 

In conclusion, the panel stresses that the national laboratories' needs 

for such trained personnel are much greater than the foreseeable future 

supply. This imbalance is rapidly approaching a critical state and must be 

corrected very soon if the traditional excellence of the national 

laboratories is to be maintained in matters relating to nuclear and 

radiochemistry. 
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INTRODUCTION 

Organizations that later became the national laboratories were bases for the 

development and use of nuclear and radiochemistry during World War U. A 

broad range of activities was pursued, including the discovery and 

characterization of the nuclear properties of fission products and · heavy 

elements (actinides), the study of the process of nuclear fission, the 

development of detectors and counting techniques, tracer chemistry, chemical 

separation processes, and radioanalytical chemistry. After the war, many 

nuclear scientists trained during the Manhattan Project established active 

research and instructional programs at universities. Basic research 

programs in high-energy nuclear reactions, heavy-ion reactions, nuclear 

spectroscopy, fission, and identification of new elements were particularly 

prominent. Moreover, the use of radioactivity and radiochemical techniques 

expanded into almost every field of scientific investigation as well as into 

many industrial processes. The allied fields (e.g., nuclear medicine, geo

and cosmochemistry, analytical chemistry, environmental science, radioactive 

waste disposal, and national defense programs) have further expanded the 

historic range of national laboratory activities that involve radioactivity 

and radiochemical techniques, both in programmatic and basic research. 

Although some basic research is currently being conducted in nuclear and 

radiochemistry, the emphasis at the national laboratories has shifted 

largely to basic studies in nuclear physics and to applied areas, i.e., the 

use of radioactivity in chemistry and related disciplines. (The areas of 

particular importance to the national laboratories are listed in Table 1 .) 

Universities are not now training an adequate number of personnel required 

for these programs. The number of professionals in nuclear and 

radiochemistry is decreasing, and student interest is not high. This 

situation is rapidly approaching a critical state, and steps must be taken 

soon to ensure an adequate future supply of researchers and technical staff 

at the national laboratories who are trained in the safe handling and 

effective use of radioactivity. 
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REQUIREMENTS OF THE NATIONAL LABORATORIES FOR 
PERSONNEL TRAINED IN NUCLEAR AND RADIOCHEMISTRY 

An informal survey of the number of staff members at national laboratories 

who currently use radiochemical techniques is summarized in Table 1 and is 

presented in terms of the categories designated by C. Gatrousis and R. Wymer 

in Appendix G. The current staff numbers represent the estimated totals for 

all DOE laboratories (Argonne National Laboratory, Brookhaven National 

Laboratory, Savannah River, Rocky Flats, and so on). 

The panel's prediction is that the total (S1S to 8SO) will remain 

constant but that the needs in categories I and VI may decline 

somewhat,  whe reas those in categories Ill, IV, and V will 

increase. Category II is decreasing as an identifiable area, but 

personnel trained in analytical chemistry are increasingly needed in 

categories Ill, IV, and V. 

Based on a S percent annual rate of turnover and a ratio of Ph.D. to B.S. 

staff of 1 :2, the panel estimates that there is an aaaual need for 10 to 

20 Ph.D. starr and 20 to 40 B.S.-de1ree staff integrated over the 

entire DOE complex, including the production facilities. The Ph.D. staff 

TABLE 1 Number of Staff Members at National Laboratories 
Who Currently Use Radiochemical Techniques 

Area of Study Requiring Knowledge of 
Nuclear and Radiochemistry 

I Basic Research 
II Analytical Chemistry 
Ill Process Applications Research and 

Development 
IV Health-Related Applications 
V Environmental Applications 
VI Nuclear Weapons Application 

TOTAL 

Nuclear and Radiochemistry 
Staff with Advanced 
Degrees 

1 00-200 (20%) 
200-300 (3S%) 

1 00 ( I S%) 
S0- 1 00 ( 1 0%) 
2S- SO ( S%) 

IQQ L!al 
S1S-8SO ( 1 00%) 
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represents specialists in nuclear and radiochemistry, while the B.S. staff 

represents chemists with some training in the field (e.g.,  a lecture-and

laboratory course). 

In addition, the panel estimates that a total of approximately 1 ,200 

M.S./Ph.D. chemists are currently working in related areas at the national 

laboratories for whom some radiochemical training is highly desirable. With 

the same S percent turnover rate, this translates to about 60 additional 

people per year who will require radiochemical tralnln1. 

POTENTIAL SOLUTIONS 

To satisfy the needs of the national laboratories for chemists trained in 

nuclear and radiochemistry, both short- and long-term actions are required. 

To satisfy immediate needs, the national laboratories require ways to train 

employees who will be working with radioactivity but have no formal training 

in the field. At present, these needs are satisfied through on-the-job 

training, which is necessarily limited in scope. A more satisfactory 

approach might be to establish training centers at nearby universities to 

which employees of the national laboratories could be sent for instruction. 

The training course would be appropriate for all levels of degreed personnel 

and would teach use of radiochemical techniques, including basic skills in 

the safe handling of radioactive materials. One important advantage of 

using universities with existing capabilities is avoiding both the 

considerable cost of infrastructure components (e .g . ,  instructional 

laboratories, health and safety technicians, and waste disposal facilities) 

and the licensing needed for a comprehensive laboratory program. 

The training provided at such university centers would serve the 

immediate needs of the national laboratories as well as the requirements of 

other government agencies, medical centers, and industrial laboratories. 

Since DOE-operated facilities are to be the direct beneficiaries of training 

centers, the DOE is encouraged to provide financial support for this 

endeavor, and participation by experts from the national laboratories is 

anticipated. 
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Establishing training centers could be coupled with making Young 

Investigator Awards (see below) available for faculty at universities, 

thereby allowing support of the centers to serve additional purposes. The 

funding would support creating or upgrading radiochemistry teaching 

laboratories that would also be available for teaching undergraduate and 

graduate students in chemistry and related disciplines that require the use 

of radiochemical techniques. 

If these university-based training centers cannot be established, the DOE 

should meet current training needs by providing its own broad training 

courses at centralized facilities in one or more of the national 

laboratories. In addition to the DOE, agencies such as the EPA and the NIH 

should recognize the need for personnel trained in nuclear and 

radiochemistry and should provide support for the necessary training. 

The national laboratories' future needs for chemists trained in nuclear 

and radiochemistry can be alleviated over a longer period by carefully 

planning long-term programs that focus on education and support of 

faculties. Several approachs would be useful, including the following: 

1 .  Expanding the Summer School in Nuclear Chemistry for Undergraduates 

sponsored by the American Chemical Society and supported by the DOE, as 

discussed in Chapter 1 by the panel on nuclear and radiochemistry. 

2. Establishing the Young Investigator Awards . first proposed in this 

report by the panel on nuclear and radiochemistry. 

3. Supporting the faculty fellowship program suggested by the panel. 

4. Encouraging promising college graduates to continue their education, 

by promoting excellence in the faculties that interact with the students and 

by providing financial support. The needs of the national laboratories and 

universities would be served by making available araduate and 

postdoctoral fellowship arants supported by various sources, including 

the DOE, NSF, Congress, and private industry. 
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NUCLEAR MEDICINE APPLICATIONS 

SUMMARY 

Nuclear medicine is currently facing a desperate shortage of organic and 

inorganic chemists and nuclear pharmacists who also have advanced training 

in nuclear and radiochemistry. Ironically, this professional and technical 

personnel deficit is occurring in the face of rapid growth and technological 

advances that have made the practice of nuclear medicine an integral part of 

the modem health care system. Approximately 1 20 chemists and pharmacists 

are needed to fill vacant positions that exist now in medical centers. 

industry. universities. and national laboratories. and it is estimated that 

22S such positions will have to be filled by 1 993. This shortage of 

qualified professionals threatens to limit the availability of radio

pharmaceuticals requjred in routine hospital procedures and to impede the 

development of new diagnostic and therapeutic agents. To redress this 

deficiency and prevent a similar shortfall in the future. this panel urges 

immediate action on, and a long-term commitment to, the following: 

educating the public on the benefits of nuclear medicine; informing 

undergraduate and graduate chemistry students about career opportunities in 

nuclear medicine; offering upper-level university courses in nuclear and 

radiochemistry. including laboratory work; and establishing training centers 

and postgraduate fellowships to support specialized education in those 

aspects of nuclear and radiochemistry required by the nuclear medicine 

profession. 

The panel's conclusions are summarized at the end of this chapter. 

INTRODUCTION 

The Pimentel Report (Opportunities in Chemistry, National Academy Press. 

Washington. D.C . •  1 98S, page 26S) described the application of nuclear and 

radiochemistry in the practice of medicine and in biomedical research as one 

of the intellectual frontiers of chemistry related to the national well

being. The report listed the "chemistry of life processes" as one of the 

five frontiers deserving high priority. Because nuclear medicine. medical 
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research, and related activities require the use of radioactive materials, 

it is clear that nuclear and radiochemistry play a vital role in the 

continued growth of these fields. It follows that the need for training in 

radiochemistry is an imperative. It is a matter of great concern to this 

panel that while the demand is increasing for people knowledgeable in 

nuclear and radiochemistry, the supply from U.S. educational facilities is 

decreasing. 

DISCUSSION 

Because research in nuclear medicine is not a common interest of faculty 

members in universities with graduate programs in chemistry, there is a 

problem in attracting chemists to this field. In addition, public concern 

about, indeed even fear of, nuclear matters is regrettably real, yet few 

patients will deny themselves needed medical care that involves use of 

radioactive materials. Therefore it is necessary to inform people of the 

opportunities in nuclear medicine and of its benefits to the public in order 

to stimulate greater interest in and awareness of the field in university 

chemistry departments. 

Stimulating interest in careers in chemistry related to nuclear medicine 

can be effected in several ways: by promoting nuclear medicine in lectures 

to undergraduates and graduates, perhaps as part of a course or in career 

seminars with solid scientific content; by contributing more articles on 

nuclear medicine to the popular scientific literature, e.g.,  Science, 

Accounts of Chemical Research, Chemical Reviews, and Quarterly 

Reviews; by holding symposia at national and local meetings of the 

American Chemical Society on topics related to nuclear medicine; and by 

attempting to dispel the myths surrounding radioactivity and the biological 

effects of radiation. Such efforts could be particularly effective in 

promoting nuclear medicine because its positive societal benefits are easily 

documented. 

An examinination of the needs of medical centers and the radiopharma

ceutical industry suggests some specific areas in which training and 

knowledge of nuclear and radiochemistry are necessary: 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


4 1  

Medical centers. One of the modalities at the frontier of new 

medical technologies is exemplified by positron emission tomography (PET) 

centers. In the past 1 2  years the number of PET centers in the United 

States has grown from 4 to 24. At present most are centers for basic and 

clinical research. Clinical application of PET is just beginning. Future 

growth will require chemists trained principally in organic and inorganic 

chemistry who also have the training in radiochemistry needed to develop and 

provide the required radionuclides and labeled compounds. Knowledge and 

appreciation of radiation and radiochemistry are essential for such work. 

The increasing sophistication of labeled drugs makes training in 

radiochemistry essential to the mission of nuclear pharmacists, trained 

professionals who work in many major health care delivery centers and 

commercial nuclear pharmacies. Additional educational requirements will be 

placed on the nuclear pharmacist, especially as the number of clinical PET 

centers increases. 

Radiopharmaceutical industry. There will be a large and continuing 

need for chemists, primarily for research and development but also to staff 

key positions in such areas as manufacturing, waste disposal, and radiation 

protection in the radiopharmaceutical industry. Although their primary 

field of chemical specialization may be organic or inorganic synthesis, 

analytical chemistry, or biochemistry, a background in radiochemical methods 

and instrumentation is essential for chemists working in these areas. 

While no necessary connection exists between nuclear medicine and ethical 

drugs, radiolabeled drugs are used extensively in the study of drug 

metabolism, pharmacokinetics, drug biodistribution, drug delivery systems, 

bioavailability, and molecular pharmacology. These studies, intrinsic to 

drug discovery, development, and approval, require the expertise of 

synthetic chemists and pharmaceutical scientists who are knowledgeable in 

radiolabeling, radioanalytical techniques, and the basic properties of 

radioactive materials. Future demands on these researchers will be even 

greater due to increased sophistication of pharmacologic studies requiring 
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isotopic methods and new approaches by PET or single photon emission 

computed tomography (SPECT) in the study . of dynamic factors in drug 

activity. Thus, training of these researchers must impart knowledge of 

positron-emitting nuclides as well as the traditional radionuclides of 

pharmaceutical research-tritium, carbon- 14,  and iodine- 1 2S.  

Radioimmunoassay (RIA) is another area in the radiopharmaceutical 

industry that requires knowledge of radiochemistry. While RIA is limited 

primarily to radioligands labeled with tritium and iodine- 1 2S,  development 

and purification of these materials have been the province of biochemists 

and immunochemists with backgrounds in radiotracer synthesis and 

development. RIA will remain a vital part of the in vitro diagnostic field 

and will have a modest but very real need for chemists trained in 

radiochemical techniques. 

Involvement by specialists in nuclear and radiochemistry is also required 

for accurate measurement of nuclear reaction cross sections, optimization of 

target design, production of radionuclides for diagnosis and therapy, design 

of new radionuclide generators, and cyclotron or other accelerator 

technology for radionuclide production, which are areas beyond the normal 

purview of synthetic or analytical chemists. For example, development of 

therapeutic applications, particularly of radioimmunotherapy of cancer with 

labeled monoclonal antibodies, is an area of current intense research 

interest and effort. Selecting appropriate nuclides for therapy and 

developing an adequate supply for clinical use are major needs that will 

require the efforts of a significant number of highly trained nuclear and 

radiochemists at national laboratories and universities, and in industry. 

The increasing need for chemists trained as nuclear and radiochemists or 

with some training in this field as a part of their education is indicated 

in Table 2, which gives ( 1 )  the number of positions currently available for 

chemists and pharmacists in nuclear medicine and in related disciplines that 

require a knowledge of radiochemistry and (2) an estimate of the number of 

such positions that will be available in each area in 1 993. Details of 

requirements for radiochemical training for professionals working in nuclear 

medicine and related areas are given in Appendixes H-K. 
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TABLE 2 Need for Advanced-Degree Personnel With Training 
in Nuclear and Radiochemistry 

Medical Centers 

Imaging and related fields I S  
Nuclear pharmacy 1 0  

Industry 

Radiopharmaceutical manufacture 40 
Ethical drugs 40 
Radioimmunoassay s 

Universities and National Laboratories 1 0  

40 
30 

60 
80 
s 

1 0  

TOTAL 1 20 22S 

aThe numbers in this column are based primarily on open positions 
gleaned from classified advertisements. Needs and openings personally known 
\)y members of the panel were also included. 
"The numbers in this column are based on panel members' projections of 
positions to become available in 1 993. 

CONCLUSIONS 

In summarizing its position on nuclear and radiochemistry training for 

chemists who provide the basic research and clinical effort necessary to 

support the field of nuclear medicine, the panel presents the following 

conclusions: 

1 .  Increasing public awareness of the significance of radioactive 

materials in public health and in other areas affecting society's welfare is 

of prime importance. 

2. Chemistry departments should be encouraged to provide, where 

possible, an upper-level course in nuclear and radiochemistry to their 

students and to allow faculty from other departments to take the course. 
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3. Specialized application of nuclear and radiochemistry can best be 

accomplished by postgraduate education offered at a select number of 

centers, perhaps five to seven, that have the necessary faculty, 

infrastructure, and equipment. Extended, in-depth training could be 

supported with fellowships for some individuals following completion of the 

course. Such courses might not be uniform in content but would be specific 

and would be designed to meet the needs of those who work in nuclear 

medicine and health-related fields. 

4. The panel wishes to underscore as a national priority the desperate 

need for professionals trained in radiochemistry to support the continued 

vitality of an important segment of the health care delivery system. 

Quality of care and the ability to deliver such care will not only be 

impaired but will also continue to decline in the next decade without some 

redress of this need. 
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NUCLEAR POWER INDUSTRY 

SUMMARY 

Utilities currently meet their needs for personnel skilled in nuclear and 

radiochemistry by providing in-house training. The power industry's 

supporting organizations meet such needs largely by retraining other 

professionals. To enhance present training programs and ensure the quality 

and quantity of personnel well versed in nuclear and radiochemistry, the 

panel proposes the following actions: 

1 .  Add courses in nuclear and radiochemistry to university 

undergraduate chemistry curricula. 

2. Facilitate cooperative agreements and ventures among research and 

educational organizations and utilities to meet objectives in training and 

research. 

INTRODUCTION 

This section reviews the chemistry-related staffing needs and sources of 

personnel for the civilian nuclear power industry. Two distinct areas of 

need are identified and analyzed: the first concerns the chemical and 

radiochemical-related requirements of operating a nuclear power plant; the 

second involves the technical support activities necessary for continued 

assurance of safety, environmental control, and compliance with licensing 

requirements. Compliance includes auxiliary activities, such as developing 

high-level radioactive waste repositories and instituting environmental 

standards and controls, that are paid for with utility funds but are not 

performed or directly controlled by the utilities. Other support activities 

include the research and development and analysis connected with safety, 

licensing, and other generic issues. 

REQUIREMENTS FOR SKILLED PERSONNEL 

Penonnel Operatlna Nuclear Power Plants 

At present in the United States, 54 utilities own 1 1 0 licensed nuclear power 

45 
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reactors that are located at 76 separate sites and generate about S x 

1 011 kW-h/yr (over one-sixth of all the electric power generated in the 

United States and over SO percent in some regions). Based on a March 1987 

survey, an estimate is given in Table 3 of the current and projected number 

of individuals directly involved in chemistry functions related to the 

operation of U.S. nuclear power plants. 

Although the nuclear power industry typically hires chemical engineers 

and chemists with degrees, they may lack nuclear and radiochemistry 

training, which is then supplied in specialized courses provided by 

universities or private industry. Chemistry technicians may or may not have 

college degrees, depending on the hiring practices of the utility; 

entry-level requirements vary from high school graduation with a strong 

math/science background, to prior nuclear experience in the Navy, to a B.S. 

or B.A. degree in chemistry, biology or a related science. 

TABLE 3 Chemistry Personnel Needed to Operate U.S. Nuclear Power 
Plants-1 0-Year Projection ( 1 987- 1997) 

Chemical 
engineers 

Chemists 

Chemistry 
technicians 

Current 
Filled 
Positions 

305 (0.3)* 

26 1 (0.3)* 

1 ,538 ( 1 .  7)* 

• As a percent of total work force. 

Needed 
Current for Replace-
Vacancies Growth ments 

1 2  3 88 

22 8 1 36 

65 49 492 

Total 
Hiring 
Require
ments 

1 03 

1 66 

606 

SOURCE: Survey of Nuclear-Related Employment in United States Electric 
Utilities, INPO 87-0 1 7  ( 1 987). 
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INPO's Role in Promoting Excellence of Personnel. Before the Three 

Mile Island accident, the quality and scope of training programs for power 

plant personnel varied greatly. As a result of that accident, the Institute 

of Nuclear Power Operations (INPO) was established by the power industry to 

assist it in achieving excellence in the safe operation of nuclear power 

plants. INPO helps the industry to develop highly qualified, well-trained 

professionals to operate, maintain, and support the nation's nuclear power 

plants: the Institute develops training guidelines, evaluates the quality 

and effectiveness of training provided by utilities, assists member 

utilities in developing performance-based training programs, and provides 

financial aid to a limited number of college students who are considering a 

career in the nuclear power industry. 

INPO's assistance to utilities extends to accreditation and plant 

evaluations. The accreditation program is intended to systematically 

evaluate and subsequently improve individual utility training programs. 

INPO plant evaluations, which focus more directly on the performance of 

personnel in the plant, are meant to ensure that training is producing the 

desired results and that plants are being operated safely. 

One Example of a Well-Staffed Nuclear Utility. Duke Power Company, 

one of the largest U.S. nuclear utilities, is an example of a utility that 

has successfully met the need for personnel trained in nuclear and 

radiochemistry. A three-station, seven-unit nuclear utility with a 

generation mix that is approximately 53 percent nuclear, 46 percent fossil, 

and 1 percent hydroelectric and outside purchase, Duke Power is heavily 

staffed with professionals in the general office and at the plants. 

Duke Power is both similar and dissimilar to other nuclear power 

companies in its need for chemistry personnel. The company does not now 

hire degreed chemists for technician-level positions in chemistry sections 

at the plants or in the corporate office. Chemical engineers, chemists, or 

individuals with a background in health physics may fill positions that, in 

many companies, are only chemistry's domain. Consequently, Duke Power's 
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training programs may be much broader in scope than similar programs at 

other companies, as well as more specific to nuclear power plant require

ments than is training received from conventional schools. 

Requirements of Nuclear Power Plant Personnel for Specialized 

Knowledge. •Radiochemistry• is usually a misnomer for many of the studies 

conducted on samples at a nuclear power plant, where chemical analyses are 

performed on samples that just happen to be radioactive. Radioactive 

samples have to be handled differently from nonradioactive samples simply 

because they are radioactive. Also, most (>9S percent) of the radioactive 

analysis is done instrumentally rather than by classical radiochemistry 

separation and counting. Only tritium, strontium, and a rare alpha count 

are chemically separated and counted. Nuclear (gamma) spectroscopy plays a 

leading role in isotope identification and in qualitative analysis. 

However. a capability for doing classical radiochemistry is important for 

the small number of samples that require diagnostic analyses. 

There is a strong interdependence between control of the chemistry 

variables in a nuclear power plant and their radiochemistry behavior. For 

example, pH, total ionic content, organic content, and oxidation potential 

(parts per billion of oxygen) affect rates of corrosion, stress corrosion 

cracking, and radiation levels at various locations around the plant. Basic 

knowledge of corrosion and transport in high-temperature water systems is an 

important asset to nuclear power plant chemists, radiochemists, and health 

physics professionals in interpreting radiochemistry data. 

Other activities of a power plant chemistry technician that demonstrate 

the requirement for specific knowledge of chemistry and of nuclear and 

radiochemical techniques are listed below: 

1 .  An average of 2,000 radioactive samples are analyzed per month to 

determine the radionuclides present. These may be broken down as follows: 
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• Technical specifications and release samples, • 

• Health physics job coverage, t 
• Chemistry and radioactive waste, 

•· Miscellaneous, 

35 percent 

29 percent 

23 percent 

13 percent 

2. The disintegration rate (dps) varies from 0.3 dps (for 

environmental samples) to approximately 1 0• dps (for reactor coolant). 

The chemist is prepared to count several orders of magnitude higher if an 

accident involving fuel damage should occur. 

3. An average of more than 1 ,000 radioactive samples per month are 

analyzed to determine the pH, Cl- . F-, B, conductivity. u+, sus

pended solids, 01, H1, AI,  Si01, Ca, Mg, and total gas. 

4. An average of over 5,000 nonradioactive samples per month are ana

lyzed to determine the pH, turbidity. biological oxygen demand, conductiv

i t y , C 1 - , S i 0 a , C a , Mg , N a + , K + , N a H 4 , N H a , 

01, total . organic carbon, nitrite, chromate, B, Fe, and so on. 

5 .  An average of 300 thermoluminescence dosimeters (TLDs) per month 

are processed to determine the amount of radiation exposure received by 

workers. 

6. An average of 360 individuals per month are analyzed to determine 

the amount of internally deposited radioactive material. 

7. An average of 1 50 environmental samples per month are analyzed to 

determine the amount of radioactivity present. 

The courses needed to bring power plant personnel to the level of 

expertise required are now, for the most part, given in-house by the 

•nese are samples taken to determine whether allowable regulatory limits 
variables are being met, including limits on liquid or airborne releases. 
THealth physics samples include wipes taken to identify low-level 
contamination and adequacy of decontamination, samples from air-sample 
filters, and urine samples. 
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utility or by a service company. It could be more cost-effective in some 

cases if this training were done at universities. The need for extensive 

retraining by the utilities indicates that universities in regions near 

nuclear power plants should address more adequately the educational needs of 

the nuclear power industry. 

Educalion to Promote Excellence of Nuclear Power P/QIIt Persomrel. 

Some of the concepts and topics that should be included in undergraduate as 

well as in advanced degree programs, in addition to the traditional content 

of nuclear and radiochemistry courses, include: 

1. Appreciation and understanding of the goals, objectives, and 

constraints of a "working• nuclear power utility. 

2. Nuclear power plant operations and design from a chemistry 

perspective. 

3 .  Basic engineering principles involved in power plant operation. 

4. Applications of modern instrumentation in plant operation. 

S. Extensive laboratory experience in radiochemistry as well as instru

mentation in order to develop skill levels and discipline in the handling of 

higher- level radioactive samples; laboratory experience in nuclear 

instrumental methods. 

6. Training for radioactive waste management. 

7 .  Training in the requirements and procedures for radiochemists in 

radioactive waste management areas, to assure compliance and safety in a 

cost-effective manner. 

Early exposure to career opportunities in radiochemistry is suggested as 

a means to recruit undergraduate chemistry majors for the radiochemistry 

field. Comprehensive, one-semester, elective courses at the junior /senior 

level would provide the necessary stimulus and training to fulfill the 

nuclear power industry's need for professionals at the B.S. level. A 

possible curriculum is one that parallels the program at San Jose State 

University, where chemistry graduates can receive a B.S. in chemistry with a 

specialization in radiochemistry. This type of curriculum can also produce 
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some of the graduate students who will provide the core of nuclear and 

radiochemistry Ph.D.'s. 

Table 4 suggests a range of options (not necessarily complete) that may 

coexist in a university program that provides for training in nuclear and 

radiochemistry. Such options, which include short modules inserted in more 

general courses, are desirable to keep the university community up to date 

in this field or science. 

Personnel Responsible for Technical Support Activities 

There are thousands of technologists whose primary function is radioactive 

waste management, a responsibility of every user of radioactive nuclides. • 

A significant number of chemists work for suppliers of waste-treatment 

processes and equipment. These chemists are involved with the design and 

operation of low-level waste disposal sites, and with the large technical 

efforts associated with the design of facilities and site evaluations of 

federal repositories such as the Waste Isolation Pilot Project, the Basalt 

Waste Isolation Project, and Yucca Flats. The magnitude of these efforts 

can be appreciated when one considers the funds generated by the tax of 

$0.00 1 per kilowatt-hour assessed on all nuclear-generated electrical energy 

($4SS million in 1 987). Six to ten low-level waste sites are to be built 

under the state compacts (Radioactive Waste Policy Act, P.L. 96-S73, 94 

Stat. 3347; amended by the Low-Level Radioactive Waste Policy Amendments 

Act, P.L. 99-240, 99 Stat. 1 843). 

Although most of these work efforts are by nonchemists, chemical process 

development for volume reduction and immobilization of low-level waste, 

chemical processing of high-level and transuranic waste, evaluation of 

potential or measured ion migration away from disposal sites, and 

radioactive species identification and decay calculations all involve 

radiochemical techniques and methods. 

•state and federal agencies and government laboratories also employ 

substantial numbers of chemically trained people, including some radio

chemists. 
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TABLE 4 Introduction to Nuclear and Radiochemistry-Matrix of Options 

Type of Course 

General survey 
modulea 

Nonprofessional 
courses 

Basic nu5Jear science 
module in physics 

All 
Students 

or engineering physics 
or inorganic chemistry 
course 

Nuclear and 
Radiochemistry 

Short coursec 

Moduled 

Semestere 

Yea/ 

Any Chemistry, Nuclear Nuclear 
Science and Physics, and Radio- Engi-
Engineering Biology chemistry neering 
Students Majors Majors Majors 

aModule equals 1 -hour course in elementary nuclear science and 
�emonstration of radioactivity and detection. . 
"Module equals 1 - to 2-hour lecture plus demonstration. Elementary 
calculus required. 
cshort course equals 1 0- to 80-hour course on specific nuclear and 
radiochemistry techniques, oriented to specific applications (power, �iology, medicine, research). 

Module equals chemical science and engineering courses beyond 
freshman level (5 to 20 hours). 
eJntensive 4- or 5-unit course for potential graduate students. 
IFor potential accredited nuclear and radiochemistry major at the B.S. 
or M.S. level. Professional courses are offered to the nuclear engineering 
majors. In most universities, it can be suggested that these courses be at 
least electives in a general chemistry curriculum. They may be treated as 
mandatory for students who wish to have a specialty in nuclear and 
radiochemistry. Accreditation of such courses is a logical further step. 
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TABLE 5 Annual Needs for Penonnel Skilled in Chemistry and 
Radiochemistry for Operation of Nuclear Power Plants and for Support 
Activities 

Segment of 
Nuclear Industry 

Utilities (power plants) 

Support activities 
(including 
environmental and severe 
accident analysis, 
and waste management) 

•Estimated totals as of 1 987. 

Ph.D. 

2 
(60)• 

1 0-20 
( 100-200)• 

LI2VGI g[ �DQDDGI 
B.S. 

2S-30 
(S70)• 

40-SO 
(600-700)• 

SUGGESTIONS FOR TRAINING QUALIFIED PERSONNEL 

Technicians 
(nondegree) 

60 
( l ,SOO)• 

so 
( 1 ,000)• 

Table S gives estimated annual needs for penonnel working in nuclear power 

plants and in technical support activities. The values shown are estimates 

of annual replacement needs based on steady-state values shown in paren

theses below each number. The average number of individuals needed annually 

to operate nuclear power plants is derived from the INPO survey of needs 

over the next decade (see Table 3), except for the estimated number of 

Ph.D.'s, which is an estimate by this panel. For penonnel for nuclear 

industry support activities, estimates are based on replacement rates of 1 0  

percent, 7 percent, and S percent per year for Ph.D., B.S., and technician 

levels, respectively. 

General Suaaestlons 

To ensure an adequate supply of worken trained in nuclear and radiochemis

try to meet the needs of the nuclear power industry, the panel suggests the 

following: 
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1. Improve coverage of nuclear and radiochemical topics in 

undergraduate chemistry courses to provide all chemistry students ·with an 

understanding of the concepts and techniques of nuclear science and 

technology and a balanced perspective on relative risks. 

2. Establish a program of Young Investigator Awards to halt the present 

trend of a decreasing number of faculty in nuclear and radiochemistry. 

3. Establish a number of centers for short courses to prepare those 

scientists and technologists who require knowledge and skills in nuclear and 

radiochemistry. 

4. Replicate the national summer school program to include an eastern 

site, and develop similar programs to meet the needs of a wide spectrum of 

participants 

5.  Establish a program of training grants and postdoctoral fellowships. 

6. Encourage cooperative agreements between utilities and educational 

institutions to meet mutual objectives in training and research. 

Suaaestion for Nuclear Utility and Unl•erslty Collaboration 

The licenses for operation of nuclear reactors require the continued 

objective assurance that the reactors are operated in a safe and 

environmentally acceptable manner. This depends, in part, on the 

availability of personnel with knowledge and skills in nuclear and 

radiochemistry. A cooperative or collaborative effort is desirable for 

technical training conducted at universities and supported by the 

utilities. Taught by professional educators (including adjunct professors 

from industry), courses with content agreed to by the utilities could be 

offered by universities either on-site or as summer institute courses on 

campus. Such courses, with content appropriately adjusted to meet special 

needs, could be modeled after the American Chemical Society undergraduate 

audio radiochemistry module. Courses with continuing education credit 

should be offered and uniformity in content and quality achieved so as to 

meet standards for accreditation. These courses should be directed to 

several audiences: technicians , professionals , entry-level employees, 
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employees seeking continuing education at all levels, and individuals 

concerned with special topics. 

It is suggested that universities, colleges, and nuclear utilities, and 

in some locations interested government laboratories, establish cooperative 

agreements in areas of mutual interest to solve existing problems. Included 

in such cooperative agreements, as appropriate, could be the education, 

continuing education, and training of personnel; the mutual availability and 

use of essential equipment and facilities; and the solution of problems 

through research or through technical assistance. Models do exist, for 

example, the Arizona State University program in environmental monitoring 

and the Pennsylvania State University program in nuclear engineering. 

To implement cooperative programs between industry and academia, the 

utilities should be encouraged to: 

1 . Communicate to the university community information concerning the 

need for power, the economics of nuclear power versus other power sources, 

environmental concerns associated with various power sources, and political 

implications of such situations as the growing U.S. dependency on foreign 

supplies of oil. 

2. Communicate to chemistry department chairs the need for special 

courses and degrees in nuclear and radiochemistry. 

3. Assist universities in upgrading instrumentation, facilities, and 

equipment for teaching and laboratory work in nuclear and radiochemistry. 

This can be done through grants, shared costs, donation of used equipment, 

and joint, in-plant measurements. 

4. Give the staff in utility plants time off to lecture, teach, 

demonstrate a laboratory technique, or interact in other ways with students. 

S. Employ faculty during a semester or a sabbatical. 

6. Hold open house for faculty, students, and the public. 

7 .  Provide summer job opportunities for students. 

8 .  Establish co-op arrangements with neighboring universities. 

9. Recruit on university campuses. 
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Univenities should also take the initiative by approaching utilities 

with offen to: 

I .  Design or  modify counes to meet the needs of  the utilities. 

2. Teach credit nuclear and radiochemistry counes at utility training 

facilities to upgrade the knowledge of staff memben or to meet a specific 

need. 

3. Include nuclear and radiochemistry segments in freshman general 

chemistry counes or use other means to stimulate student awareness of the 

many applications for nuclear and radiochemistry. 

4. Have nuclear utility staff memben speak at career days, or serve as 

adjunct lecturen or professon. 

S. Require nuclear and radiochemistry counes for all chemistry majon. 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


APPENDIXES 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


APPENDIX A 

WORKSHOP AGENDA 
Training Requirements for Chemists in Nuclear Medicine, 

Nuclear Industry, and Related Areas 

Thunday. february 4 

8:00 a.m. Registration - North Lounge 

8:30 Opening Session - Room 1 30 
Welcome by Co-Chairmen of Organizing Committee 

- Gregory R. Choppin, Florida State Univenity 
- Michael J. Welch, Washington Univenity Medical School 

8:45 "Radiation and Society" - Rosalyn S. Yalow, Veterans 
Administration Medical Center 

9:30 Discussion 

9:45 Nuclear and Radjocbemjstry 
"Nuclear Chemistry Education in U.S. Univenities and 

Colleges" - Edward S. Macias, Washington Univenity 
I 0: 1 S Discussion 

1 0:30 Coffee Break - North Lounge 

1 0:45 &elated Research Disciplines 
"Training Requirements for Chemists in Related Research 

Disciplines" - Glen E. Gordon, Univenity of Maryland 
I I : IS  Discussion 

I I  :30 National Laboratories 
"The Need for Nuclear and Radiochemists at the National 

Laboratories" - Christopher Gatrousis, Lawrence Livermore 
National Laboratory 

1 1  :SO Discussion 

1 2:05 p.m. Lunch - North Lounge 

1 2:45 Nuclear Medical Applications -
"Training Requirements for Chemists in Radiotracer Development 

for Nuclear Medicine" - Ronald D. Finn, National Institutes 
of Health 

"Radiopharmaceutical Industry" - Maria P. Liteplo, 
E. I. Du · Pont de Nemoun & Co. Inc. 

"Training Requirements, Credentialing and Standards of Practice 
for Pharmacists in Nuclear Medicine" - Ronald J. Callahan, 
Harvard Medical School 

"Radiochemistry in the Pharmaceutical Industry" 
- Scott Landvatter, Smith Kline & French Laboratories 

1 :45 Discussion 

59 
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2:05 Nuclear Power and Process lndustrv 
"Training Needs for Chemists in Nuclear Power IndustrY" 

- William A. Haller, Duke Power 
2:25 Discussion 

2:40 "European Approaches to Training Chemists for Nuclear 
Activities"- Jan Rydberg, Chalmen Univenity of Technology 

3:25 Discussion 

3:40 Organization of and Charge to Panels 

4:00 Panel Meetings 

6:00 Reception and Dinner - South Lounge (Rooms 1 1 3 cl 1 14) 

7:30 Panel Meetings continued 

9:30 Adjournment 

Friday. februarv 5 

9:00 a.m. Plenary Session - brief status reports from Panels 
Room 1 30 

1 1 :00 Panel Meetings - report drafting, North Lounge Area 

1 2:30 p.m. Lunch - North Lounge 

1 :30 Panel Meetings - report drafting continued 

7:30 Plenary Session - presentation and review of panel 
deliberations - Room 1 30 

1 0:00 Adjournment - deadline for draft reports 

Saturday. february 6 

9:00 a.m. Panel Meetings - revision or reports North Lounge Area 

I I  :00 Plenary Session to discuss overall 
conclusions and possible recommendations 

1 2:30 p.m. Workshop Adjourned 

Steering Committee, Panel Chairmen, and Rapporteun will 
remain to discuss report outline and preparation-group 
will adjourn no later than 2:00 p.m. 
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&EPA 

APPENDIX C 

United Stat• 
Environmental Protection 
Agency 

R .... rch end Development 

EPA/800/M-85/008 Februery 1 185 

D isting u ished 
Lecturer Series 

R osa lyn S .  Ya l ow: 
B io l og ic Effects of 
Low- Level I o n izi ng 
R ad.i at ion 

The following ia the first of a planned aeries of lectures to be sponsored by 
the Office of Research and Development. U.S.  Environmental Protection 
Agency . .The viewa expreaaed in this lecture are the speaker's own. not to be 
construed 11 the Agency's. This material has not been subject to the normal 
Agency peer and administrative review procedures and. therefore. does not 
necessarily reflect the Agency's position on any aspect of the issue discussed. 

Aa the scientific arm of the Agency. the Office of Research and 
Development has the responsibility to advance the state of scientific 
knowledge about the environment. Highlighting emerging issues and 
providing scientific perspectives on current problems ia an important part of 
our responsibility. We intend that our lecture series will present a range of, 
perspectives on various aspects of health and environmental research, from 
the vantage points of well-known and distinguished scientists. The points of 
view represented in our lectures Will be varied. perhaps conflicting, and not 
necessarily in agreement with Agency policy. But scientific progreaa depends 
upon the free exchange of diverse opinions. 
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B iolog ic Effects of Low- Level 
I onizing R ad iation* 

By Rosalyn S .  Yalow 

We l ive in a wor ld in which the percept ion of 
rea l ity is too often confused wit h rea l ity and there 
are few fields i n  which more confusion ex ists than  
i n  the popu lar  percept ion of  the hazards of exposure 
to low level radiat ion a nd low level radioact ive 
wastes. M uch of the fear of radiat ion has been 
generated by the associat ion of radiat ion and 
radioact ivity with n uclear explosions and nuclear 
war. So phobic is  the fear that the new medical 
imag ing moda l ity " n uclear magnet ic  resona nce" or 
NMR has been rena med Magnet ic  Resonance or 
M R  to avoid the bad word " nuclear. " What I would 
l i ke to  discuss today is not  ph i losophy but science
what do we know about hea l th effects. and in  
part icu lar .  the  carci nogenic  effects associated with 
low doses of l ight ly ion iz ing radiat ion.  S i nce there 
are tens of thousands of papers in th is  field, I have 
obviously had to be select ive in  choos ing studies to 
d iscuss. 

Before discussi ng radiat ion effects. let me def ine 
some u n its. A rad is  a u n it of  absorbed dose or 
energy absorbed per un it mass from ioniz ing 
radiat ion and corresponds to 1 00  ergs/gra m.  
Densely ion iz ing radiation such as that associated 
with a part icles. protons or fast neutrons is  more 
effect ive in produc ing deleter ious biolog ic  effects 

•Presented et the E nvlfonmentel Protectoon Agency, Weshongton. DC. on 
August 1 7. 1 984  
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ROSAL YN $. YAL O W. of the Veter•ns 
A dministr•tion Medic•/ Center •nd Montifore 
Hospit•l in the Bronx. is • distinguished 
rese•rcher in the field of medic•/ physics. She 
won the Nobel Prize in 1 977 for her work in 
r•dioimmuno•ss•y development. Her recent 
public•tions include "R•dio•ctivity in the Service 
of M•n: " "Dispos•l of L o w-L evel R•dio•ctive 
Biomedic•l W•stes: A Problem in Regul•tion. Not 
Science; " •nd "Re•ppr•is•l of Potenti•l Risks 
A ssoci•ted with L ow-L evel R•di•tion. " 

than  is the l ight ly ion iz ing radiat ion associated wit h 
/3 .  r ·  or X - radiat ion .  A rem is a u n it that takes into 
account the relat ive biolog ic  effect iveness (ABE)  of 
l ight ly ( low l i near energy tra nsfer, LET) a nd densely 
( h t g h  LET) ion iz ing radtat ion .  A rem is an absorbed 
dose that produces the same biologic effect as 1 rad 
of low LET radiat ion.  Rad and rem can be used 
interchangeably for low LET radiat ion.  The ABE is 
not a cor.sta nt for any ioniz ing part ic le but depends 
to some extent both on it.s energy and the biolog ic  
effect u nder observat ion.  

The quest ion to be addressed "How low is low" 
or are there levels  of radiat ion below which one 
ca n not d iscern deleterious effects.  M uch of what is 
known about the biolog ic effects of ion iz ing 
radiat ion has been obta ined from epidemiologic 
st ud ies of  h u mans exposed to h igh doses and/or at  
h igh dose rates. Over about the past three decades 
nat ional  a nd i nternat ional  standard-sett ing bodies 
concerned wit h establ i sh ing radiat ion protect ion 
g u ide l i nes have accepted the hypothesis of a l i near 
dose-effect extrapolat ion wit h  no threshold, on the 
assu mption that th is  provided a generous safety 
factor for pred ict ing possible radiation - induced 
deleterious effects.  According to th is  hypothesis. 
there would  be the same number of radiat ion
related cancers or other biolog ic  effects. among a 
1 00 thousand people each receiv ing 1 00 rem as 
among 1 00 m i l l ion people each receiving 1 00 
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mrem. Can th is  hypot hesis be tested? To put th is 
concept i nto the proper perspect ive let us consider 
that there were about 80000 survivors of the 
H irosh ima-Nagasaki bombings.  The survivors 
received doses less than 400 rems. TG dea l in round 
nu mbers one can treat this group as 1 00  thousand 
people receiving about 1 00  rem. In a lmost three 
decades the excess radiation- related deaths in th is 
group were less than 200. N atural  background 
radiat ion i n  most of the U n ited States is 1 00 
mrem/year, due to cosmic rays, natural 
radioactivity of the soi l  and bu i ld ing mater ia ls and 
the self-conta i ned radioact ivity i n  a l l  l iv ing th i ngs. 
each contr ibuting about one-th i rd .  If the l i near 
extrapolat ion hypothesis were val id, based on the 
Japanese exper ience. one would expect about 200 
deat hs due to background radiat ion.  S i nce among 
1 00  m i l l ion Americans there are about 200 
thousand cancer deat hs per year. natural  variations 
in  this deat h rate would not permit ascerta i nment of 
the few hu ndred deaths that m ight be attr ibutable 
to backgrou nd radiat ion.  This roug h ca lculation 
poi nts out the absurdity of Publ ic Law 97-4 1 4 that 
requires "the Secretary of Health and H u man 
Services to  devise and pub l ish  radioepidemiologic 
tables . . .  These tables sha l l  show a probabi l ity of 
developing each radiation cancer associated with 
receipt of doses ranging from 1 mrad to 1 000 rads . 
. . .  " It must be appreciated that 1 mrad is about 1 %  
of natural  yearly background and that a rou nd trip 
fl ight from Wash i ngton to Los Angeles i ncreases 
radiat ion exposure by 5 mrad. Most of us would 
accept that the probabi l ity of causation of ca ncer at 
dosages i n  the mrad range is obviously zero to 
many sign ificant fig ures. As a member of the 
com mittee attempt ing to construct these tables. I 
can assure you that the u ncertaint ies even at doses 
of many rads are subject to such controversy that 
one shou ld not "req u ire" attention to exposure in 
the mrad range. H owever. such legislation creates a 
mind-set in  the publ ic that radiation at the mrad 
level is a cause for concern.  

There have been a number of studies attempting 
to detect deleter ious health effects in regions of the 
world where natural background radiation is 
i ncreased. O ne such study was performed in China 
by examin ing 1 50,000 Han peasants with 
essentia l ly the same genetic background and same 
l ife style. Ha lf of them l ived in a region where they 
received an almost three-fold higher radiat ion 
exposure because of radioactive soil ( 1  ). More than 
90% of the progenitors of the more highly exposed 
group had l ived in the same region for more than 6 
generations. The i nvestigation included 
determ ination of radiation level by direct dosimetry 
and evaluation of a number of possible radiation
related health effects including chromosomal 
aberrations of peripheral lymphocytes, freque,..cies 
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of hereditary diseases and deformities, frequency of 
mal ignancies. growth and development of chi ldren 
and status of spontaneous abort ions. This study 
fai led to find a ny discernible difference between the 
inhabitants of the two areas. The authors of this 
study concluded that either there may be a practical 
threshold for radiation effects or that any effect is 
so smal l  that the cumulat ive radiation exposure to 
three t imes the usual  natural  backgrou nd resulted 
in no measureable harm after six or more 
successive generat iof\S. 

There are reg ions i n  the U n ited States where 
natural  background radiation is a lso i ncreased. I n  
the Rocky Mounta i n  States the average radiation 
exposure is about twice that on the East and West 
coasts because of increased cosmic rays at their 
h ig her elevat ions and natural  radioact ivity of the 
soi l .  However. deat h rates due to ca ncer in  these 
states are a mong the lowest in the country. It is 
possible that an appropr iate stat istical analysis 
would revea l that the racia l ,  ethn ic, age distribution 
or other factors might accou nt for the lower cancer 
deat h rates in these states. However. when M ason 
and M i l ler (2) compared the age-adjusted r isk ratio 
for mortal ity from mal ig nancies for Ca ucasians in 
Denver and Salt Lake C ity with  those in  San 
Francisco and Seatt le- K i ng Cou nty, Washi ngton, 
they observed that the leukem ia incidence was 
s l ightly but not s ign ifica nt ly lower and the incidence 
of other ca ncers was s ignificantly lower in the 
h igher radiation exposure cities. An i nverse 
relat ionship between elevat ion ( hence higher 
radiation exposure) a nd mortal ity from leukemias 
and lymphomas has a lso been reported (3) .  Others 
have concluded (4) that in the United States there is 
no relation between increased background radiat ion 
and leukemia .  There are regions of the world in  
I ndia and in Brazil  where natural background 
radiation is up to 1 O-fo1d h igher than usual (-1 
rem/year) and deleterious health effects have been 
looked for and not found (5-9) .  This  is not surprising 
since even were the l i near extrapolat ion hypothesis 
val id, the populations i nvolved are too smal l  to 
detect increased mal ignancies above the natural 
variation i n  the incidence of the diseases. H owever, 
these studies emphasize the difficu lties i n  
assessing probabl ity o f  ca usat ion a t  low doses and 
dose rates. 

Senator H atch was u ndoubtedly stimulated to 
sponsor Public Law 97-4 1 4 mandating the 
radioepidemiological tables in response to several 
widely publ icized reports asserting that the cancer 
risks from low radiation exposures are much h igher 
than those estimated according to the l inear 
extrapolation hypothesis. O ne report that was of 
particular concern to his constituents was that of 
Lyon et a l .  ( 1 0) who reported that leukemia 
mortal ity i n  chi ldren was i ncreased in  those 
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counties in Utah receivi ng high levels of fa l l -out 
from the atmospheric nuclear test ing conducted in 
1 951 - 1 958 compared to the mortal ity�i n low fa l l -out 
count ies and in the rest of the U n ited ,States. Let us 
examine the or iginal  data.  In F igure 1 are shown 
the mortal ity rates for leukemia and for all cancers. 
including leukemia, for chi ldren in h igh and low 
fa l l -out counties in  Utah. The 1 944- 1 950 period 
represents the pre-fa l lout control low- exposure 
cohort . The 1 95 1  - 1 958 group was considered to be 
the high-exposure cohort. that is. those bOrn during 
the per iod of maximum above-ground nuclear bomb 
test ing in Nevada . The second low-exposu re cohort 
was the group born after most. but not a l l .  of the 
above-ground test ing had ended. From a perusal of 
Lyon's data it cou ld reasonably be concl uded t hat 
on the average dur ing the entire 30-year period the 
high fa l l -out cou nties might have had a lower 
inc idence of leukemia than the low fa l l -out 
cou nt ies. but that the uncerta i nt ies i n  t he 
determinat ions are so large t hat one can not rel iably 
conclude whether or not t here is a trend. If  one 
cons iders the sum of ch i ldhood mal ignancies 
( leukemia plus other cancer deathsl t here appears 
to be a generally downward trend, with the drop i n  
the high-fa l lout cou nt ies bei ng somewhat greater 
than in  the low-fal lout cou nties, a lthough if the 
standard deviations had been included the 
differences wou ld not have been sign ificant. The 
news headl i nes fol lowing i nterviews wit h Dr.  Lyon 
wou ld have been less sensat ional if he had stated 
that his data had shown no relation between the 
tota l ity of chi ldhood mal ignancies and the atomic 
tests of the 1 950's rather than select ively reporting 
what would appear to me, as an  experimental 
scientist whose results do not depend on marginal  
p-val ues. to be an i nconcl usive study of the relat ion 
between leukem ia and fall -out. Lyon's paper in the 
New England Journal of Medicine was criticized in 
the same and later issues of the Journal by several 
biostatisticians ( 1 1 - 1 31 .  I n  general.  their crit icisms 
were related to the apparent under-reporti ng or 
misdiagnosis in  the earl ier cohort and to errors in 
smal l  sample analysis. For instance. Bader ( 1 21  
presented a year-by-year l isting of  leukemia cases 
in Seattle-K i ng County, which has a larger 
population than the Southern Utah counties. and 
noted that there were only two cases in 1 959 and 
20 in 1 963 among the 2 1 7 cases reported from 
1 950 to 1 972.  Thus. a ten-fold difference in annual 
incidence rates when the number of cases is small  
simply represents stat istical variation. Although the 
yearly distribut ion of leukemia cases had not been 
reported in any of Lyon's papers or in the associated 
publicity, it was however tabulated in the 
Government Accounting Office Report on the 
Problems in  Assessi ng the Cancer R isks of Low
Level Ionizing R adiation Exposure ( 1 41. Table 1 is 
taken from that report. It is to be noted that the so-
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cal led excess leukemia cases reported by Lyon et al .  
( 1  01 was due to a cluster ing of  1 3  cases in  1 959 
and 1 960. I n  fact, 22 of the 32 leukemia cases 
occurred in 1 95 1 - 1 960, i .e . : during the first 1 0  
years of testing. S ince· there is a several  year 
latency period between radiat ion exposure and 
i nduction of leukemia,  were the excess leukemia 
deaths a consequence of nuclear test ing in the 
1 950's; they wou ld have been more l ikely to occur 
after 1 960 rather than before. 

Furthermore. a new estimate of external radiat ion 
exposure of the Utah population based on residual 
levels of mcs in  the soils has shown that the mean 
individual exposure in what Lyon deemed to be the 
"h ig h  fall -out counties" was 0.86±0. 1 4  rad 
compared to 1 .3±0.3 rad in the " low fal l-out 
counties" ( 1 5). Even in  Washi ngton County. the 
region in which the fall-out arrived the earl iest ( less 
than 5 hours after the test) the estimated exposure 
to its 1 0,000 populat ion averaged only 3 .5±0.7 
reds-qu ite comparable to natural background 
radiation in that region over a 20-30 year period. 
Thus on the basis of the Japanese experience the 
exposure from fal l-out was too low to expect an 
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increase in leukemia and a careful perusal of the 
raw data would suggest that none was found. 

Another report that has received publ icity far 
beyond its scientific merit is the Mancuso study of 
workers at the Hanford Laboratories. the site of 
several of the then AEC's reactors. The history of 
this study dates back to 1 964 when Dr. Mancuso 
was awarded a contract to investigate for the AEC 
the health of these workers. Dr. Barkev Sanders. a 
statistician, and Dr. Allen Brodsky, a health 
physicist. were co- invest igators in this project. 
Annual  project reports for many years suggested 
only that there were negative findings regarding a 
l i nk between cancer and radiat ion and Drs. Sanders 
and Brodsky left the project. There were no papers 
published during the period in which they were 
i nvolved in the analysis of the data. In about 1 978, 
M a ncuso was joined by the pediatrician Stewart 
and the statistician Kneale who had acquired a 
reputation for their studies on relat ionships 
between diagnostic X-rays and childhood cancers. 
Together they wrote a controversial paper 
purport ing to show that workers at Hanford had a 
stat istically significant increase in the incidence of 
two types of cancer, multiple myeloma and cancer 
of the pancreas ( 1 6). According to Table 1 0 of their 
paper the mean cumulative radiation dose for 
Hanford workers who subsequently died from 
cardiovascular disease was 1 .05 reds; for solid 
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tumors 1 .3 rads; for leukemias and lymphomas 2 .2  
rads. This excess radiation exposure is  quite 
comparable to the excess received by living in 
Colorado for 1 0 to 20 years-and Colorado has a 
low cancer death rate. The evidence in the 
Mancuso report that has not been widely publicized 
was that Hanford workers receiving the highest 
radiation doses (greater than 1 5  rem) had a lower 
death rate from al l  causes and from al l  mal ignant 
neoplasms than expected in a control population. 
However, because of the small  numbers of workers 
who received this exposure and the small  n umber 
of cancer deaths in this group, (a total of 1 4  cancer 
deaths compared to 24 expected) the distribution 
among the different mal ignancies appeared to have 
a pattern not ident ical with that found in m uch 
larger groups. Subsequently, both Dr. Brodsky and 
Dr. Sanders, who in it ia l ly col laborated with Dr. 
M ancuso. have been h ighly critical of the Mancuso 
paper. An i ndependent analysis by G i lbert and 
M arks is most reveal i ng ( 1 7) .  The positive 
correlation purported to be demonstrated in the 
Mancuso report appears to be due to 3 deaths from 
pancreat ic cancer in  workers receiving more than 
1 5  rem cumulat ive exposure. However, according to 
G i lbert and M arks ( 1 7) this diagnosis had been 
confirmed only in 1 case. Furthermore, it should 
also be noted that the Atomic Bomb Casualty 
Committee report descr ibed a much larger cohort 
with much higher radiation exposures ( up to 400 
rads) and found no positive l ink between pancreatic 
neoplasms and radiation ( 1 8) .  The second category 
of excess cancer deaths was reported to be multiple 
myeloma, which included 3 cases compared to an 
expected number of 0 . 6 ( 1 6). Whether this excess of 
2 deaths in  this category represents a statist ical 
variat ion or the effect of another carcinogen cannot 
be determined. Nonetheless, since among those 
receiving a cumulative •xposure of 1 5  rams. the 
observed number of subjects with malignancies 
was only 1 4  compared to an expected 24 in a 
control populat ion. one cou ld be tempted to 
conclude that radiation at this level is protective 
against mal ignancies. 

To demonstrate how legislation is sponsored i n  
response t o  special interest groups rather than 
rational analysis, let me pose the following problem. 
Let us assume that there are two groups who 
received exposure to radiation. Gro.up A consists of 
6500 people who were not badged but who 
received radiation exposures probably in the range 
of 1 0-50 rams, or perhaps more; Group B consisted 
of 39 who received more than 25 rem, 1 400 who 
received between 5 and 25 rem and a nother 5000 
who received between 3 and 5 rem. Which of the 
two groups should have been favored with respect 
to compensatory legislation concerning possible 
radiat ion-related health effects? The logical answer 
would be the Group A who received the larger 
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radiation exposure. Now let me identify for you 
Groups A and B. the legislative act and the known 
health effects. Group A was a group who were 
trained during World War II as radiology technicians 
and who subsequently served in  that role for a 
median period of 24 months. Description of their 
tra in ing ( 1 9) incl uded the statement that "During 
the remain ing two hours of this per iod the students 
occupy t hemselves by taking radiographs of each 
other in  the posit ions taught them that day. " It was 
noted ( 1 9)  that the students did not receive a skin 
erythema dose nor did they show a drop i n  white 
cou nt-monitor ing procedu res that are insensit ive 
to acute doses less than 1 00 rem. The cumu lat ive 
exposures of these radiology technicians were not 
monitored. However. the radiat ion exposure of 
tech nologists at a more modern insta l lat ion. 
Cleveland C l i n ic, was monitored in  1 953 and found 
to be in ra nge of 5 - 1 5 rad/year (20) .  Army 
technologists a decade earl ier probably received 
greater exposures. Hence my est i mate of 1 0-50 rem 
during their  per iod of service. Yet. a fol lowup of 
these 6500 radiology technicians ( 2 1 . 22)  for a 
per iod of 29 years revea led no increase in 
mal igna ncies when compared with a control group 
of s imi lar  size consist ing of Army medical. 
laboratory or pharmacy tech nicians.  

Who was G roup B? This group consists of those 
who entered H iroshima and Nagasaki after the 
bombing and who received less than 0. 1 rem during 
the occupat ion and the 220.000 Department of 
Defense ( DOD)  personnel involved in  the 
atmospheric nuclear test ing in  the Pacific Ocean 
and Nevada . Among this large group only 1 400 
received more than 5 rem (23) .  Among these 1 400 
were 39 who received over 25 rem as a resu lt of a 
wind shift dur ing the 1 954 Bik in i  testing.  A fol low
up of these 39 men almost 30 years later revealed 
that 4 were dead from ca uses not associated with 
radiation (tra uma. heart attacks). Of the 35 who 
were notified. only 1 B desired medical 
examinat ions. 7 refused and 1 0  fa i led to reply. No 
adverse health effects associated with radiation 
were found in those exam i ned. 

Further to put in  proper perspect ive the 
cumu lative radiat ion exposure among Armed 
Services personnel associated with nuclear test ing. 
it should be appreciated that in  the early years of 
the draft those accepted into the Armed Forces. and 
many of those rejected on medica l grou nds. a group 
numbering over 1 2  m i l l ion persons. received chest 
photoroentgenograms. Un l ike ordi nary X-ray 
examinat ions of the chest. these del iver 1 to 5 rad 
skin dose (24).  In addit ion, some of the Armed 
Services received considerable X-ray exposure 
secondary to service-related injuries and of course 
there were the higly exposed radiology tech nicians. 
None of these are incl uded in Public Law 97-72 (25)  
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which provides that · ·a  veteran who the (Veterans 
Administration) Adm inistrator fi nds was exposed 
while serving on act ive duty to IOniz ing radiation 
from the detonat ion of a nuclear device in  
connection with such veteran's part icipat ion in  the 
test of such a device or with the American 
occupat ion of  H iroshima and Nagasaki ,  Japan. 
during the period begi nning on September 1 1 .  
1 945. and ending on J u ly 1 .  1 946, may be 
furnished hospital  care or nursing home care for 
any disabi l ity notwith�tanding that there is  
insufficient medica l evidence to concl ude that such 
disabi l ity may be associated with  such exposure . "  

There is n o  logic in  giving special  privi leges to 
some veterans who received radiat ion exposure and 
not to all  receiving eq u ivalent exposure. Perhaps 
this legislation was in  response to another highly 
publ icized report concern ing 9 cases of leukemia 
a mong 3200 men who participated in a nuclear test 
explosion in 1 957 (26) .  The radiation exposures of 8 
of the 9 men were monitored; 3 received between 1 
and 3 rem; 3 received less than 0. 1 rem. S i nce the 
20.000 people exposed in H iroshima-Nagasaki to 
doses between 1 and 9 rads showed no increase i n  
mal ignancies. i ncluding leukemia.  the study by 
Caldwel l  et a l .  (26)  concerning only 3200 people 
exposed i n  this dose range is obviously flawed; the 
most probable reason is once aga in  the error · 
i nherent in smal l  nu mber stat istics. By the t ime of 
diag nosis a l l  the leukemia cases had received more 
radiat ion from natural background than from 
Operat ion Smoky. 

Can epidemiologic studies permit test ing of th' 
val idity of the l inear extrapolation hypothesis in 
esti mat ing effects at low doses and dose rates? The 
answer is  u nequivocal ly no. As Land has poi nted 
out (27)  to test this hypothesis, for instance in 
radiat ion- induced breast cancer. a sample size of 
1 00 mi l l ion women would be required to be certa i n  
o f  an increased radiologic i ncidence fol lowing an  
acute exposure of  1 rem to  both breasts at  age 3 5 .  
S uch a sample i s  hardly practical .  Therefore. a 
case-control approach. in which the sample 
consists of a f ixed number of cancer cases and a 
fixed number of matched non-cases or controls. is 
used. Land has calculated (27)  that using this 
cohort approach only 1 .000.000 women would be 
requ ired to be certain of a radiation effect from 1 
rem. Of course. i n  the case-control approach to 
eval uation of radiation and other carci nogens. a 
sufficient number of subjects are never included 
and there is not random selection of cases and 
controls. Hence. the data presented simply do not 
have stat istical significance and subtle sources of 
bias cou ld wel l  account for purported observed 
effects. For instance, MacMahon has reported (28) 
that chi ldren born after their mothers had received 
one to six pelvic radiographs (average dose per 
radiograph was 1 rad) were 42% more l ikely to die 
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of cancer in the first 1 0 years of l ife then were 
chi ldren not irradiated in utero. Using the same 
case-control method of analysis MacMahon et a l .  
(29) a lso reported that drinking 1 to 2. cups of  coffee 
a day introduced a relative risk of 2 .6  in developing 
cancer of the pancreas and further suggested that 
coffee drinking at this level can account for more 
than 50% of the cases of pancreat ic cancer. 
However, since coffee drinking is fami l iar and 
radiat ion is not, most people would discount that 
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his case-control analysis proves that such modest 
coffee dr i nk ing is a risk factor for pancreatic cancer, 
particularly s ince the effect did not appear to be 
dose-related in men-the risk factor was the same, 
2.6,  whether consumption was 1 -2 cups or greater 
than 5 cups a day. There are other reasons for 
reluctance in accept ing his analysis. For insta nce, 
the risk factor was twice as great for ex-smokers 
compared to cu rrent smokers drink ing 1 to 2 cups of 
coffee per day, a rather unl ikely f inding si nce it is 
com monly accepted that smoking is a carci nogen or 
promoter of other carci nogens. The MacMahon et 
a l .  (29) report on the association between coffee 
drinking and cancer of the pancreas is, however, i n  
a sense less-flawed t h a n  h i s  earl ier report (28) o n  
t h e  association between prenatal radiation and 
early ca ncer deat h.  I n  the latter study there was 
clearly a bias in that no account was taken of the 
fact that the exposed mothers had medica l 
conditions that prompted the diagnostic X-rays. 

Webster has provided a s imple demonstrat ion of 
the problem of smal l  number observat ions by 
determin ing the cou nting rate from a weakly 
radioact ive source (30). S uch a counting rate, l ike 
ca ncer events, fol lows Poisson stat ist ics. In 20 • 
successive periods the cou nting rate varied from 0 
to 8 cou nts per u nit t i me, with an average of 4. As 
shown in Table 2 the actual  occurrence of a 
particular count ing rate to t he probabi l ity of its 
occurrence ranges from 0.6 to 2 .8-these rat ios are 
equivalent to the "relat ive risk" rat io using the 
case-control approach in epidemiologic studies
except that there was no bias i ntroduced in the 
"control" or Poisson probabil ity distribution. 

For a lmost 30 years committees concerned with 
radiologic protection accepted the linear 
extrapolation hypothesis without correction for dose 
rate on the basis that it overestimated potential 
radiat ion-related risks. This has left the impression 
that it is an establ ished fact that any level of 
radiation, no matter how small ,  carries some risk 
even if that risk is not measurable. In the latest 
report of the National Academy of Sciences 
Committee on the B iologic Effects of Ionizing 
Radiation ( BEIR Ill Report) (31 ), it was concluded 
that a l inear-quadratic extrapolation was to be 
preferred a lthough it was also stated that the 
scientific basis for making estimates of the 

Table 2. PoiSion Statistics: The Problem of Small Number 
Observetions• 

No. 
Observed 

Act ual counts 6.3 .5 .4 .2 .2 ,4 ,4,  
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carci nogenic risk of low-dose low- LET whole body 
radiation is inadequate. The data are s imply not 
ava i lable that wou ld permit determi nation as to 
whether there is any risk associated with radiation 
at doses below 1 0 rads .  

There is o n e  large group o f  subjects with total 
body exposures i n  th is  dose ra nge. i .e . , pat ients 
treated wit h radioact ive iod ine. 1 3 1 1  for 
hyperthyroidism.  As of 1 968 it was est imated that 
200.000 people were so treated and the number 
has probably si nce doubled. A study of 36000 
hyperthyroid patients from 26 medical centers of 
whom 22000 were treated with a single dose of 1 3 1 1  
and most of t h e  rest wit h surgery revealed no 
difference in the incidence of leukemia between the 
two groups (32) .  The average bone-marrow dose 
was about 8 to 1 0  rads, about half of which was 
del ivered with in  one week. The fol low-up for the 
1 3 1 1 -treated group averaged 7 years, q u ite long 
enough to have reached the peak incidence, as 
determi ned from the H iroshima-N agasaki 
experience. A subsequent fol low� up t hree years 
later aga in revealed no differences in  the leukemia 
rate between the two groups (33).  This study 
emphasizes the importance of having an 
appropriate control group. Earl ier studies had 
suggested that the occurrence of leukemia in  
hyperthyroid patients fol lowing 1 3 1 1  therapy was 
50% greater than that of the natural  population (34, 
35) .  However, it appears from this study that there 
is an increased incidence of leukemia in 
hyperthyroidism, irrespect ive of the type of 
treatment (32). 

The question may be addressed as to whether a 
large epidemiologic study could or should be 
undertaken to fol low- up the several  hundred 
thousand who have been treated with 1 3 1 1  for 
hyperthyroidism. I bel ieve the feasibil ity of such a 
study should be examined. It has the potential  for 
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answering the q uestion as to whether general body 
exposure in  the 1 0 rad range del ivered at a 
relat ively low dose rate is carcinogenic. However, 
since it appears that hyperthyroidism per se may be 
associated with leukemia.  the appropriate control 
group should be. as in the study of Saenger et a l .  
(32). pat ients treated wit h surgery. I doubt if i t  is 
currently possible to obtain an age-matched 
surgica l ly treated group since 1 3 1 1  has certainly 
become the treatment of choice for def in it ive 
therapy. In evaluating whether hyperthyroid 
pat ients treated with  anti-thyroid drugs unt i l  
rem ission would be su itable as a control group, the 
potent ia l  of these drugs for inducing leukemia must 
a lso be considered. 

There have been several other negat ive studies in 
which induct ion of leukemia as a consequence of 
radiat ion was sought for and not found. The BEIR I l l  
Report did not consider early papers (36.  37) that 
observed no increase in  leukemia i n  women treated 
for cervica l cancer with either i ntercavitary radi um, 
external radiation or both. Perhaps the reasons for 
neglect ing consideration of these papers was the 
incomplete patient fol low- up in  these earl ier 
studies. However, a recent report (38) of an 
international col laborative study of  3 1 ,2 1 9 women 
with cervical cancer, of whom 28.490 received 
radiation therapy and 2729 did not, revealed that i n  
the irradiated group 1 5 .5  cases o f  leukemia were 
expected and 1 3  were observed (relat ive risk=0.8) 
(95% confidence levels 0.4 - 1  .4)  and in the non
irradiated group 2 cases of leukemia were observed 
as compared with the 1 .0 expected. The follow-up 
was long enough to have included the 4 to 8 year 
period of leukemia peaking observed with the 
J apanese atom bomb survivors. The consistency of 
these studies (36-38) would suggest that there is no 
detectable leukemogenic effect in patients with 
cervical cancer fol lowing radiotherapy. The cohort 
s ize of th is  study is qu ite comparable to the Court
Brown and Doll study showing increased incidence 
of leukemia in  patients i rradiated for ankylosing 
spondyl itis (39, 40). It does remain a mystery as to 
why radiot herapy would appear to be leukemogenic 
i n  one disease and not in  another when the 
therapeutic doses are in  the same range a lthough 
not del ivered to the same body region. 

It is commonly accepted that early radiation 
workers had an increased incidence of 
mal ignancies. For the most part, their radiation 
exposures cannot be estimated. The classical 
picture of the Curies working in their shed for 4 
years while separating and purifying radi um and 
polon ium is one which wil l  never be repeated. It is 
not surprising that Marie Curie died from aplastic 
anemia. probably secondary to the radiation 
exposure she received in her laboratory and during 
her experiences i n  World War I when she 
personally provided X-ray services just behind the 
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front l ines. trained X-ray technicians and instal led 
200 radiologic rooms. What is  surprising is that she 
did not die unt i l  1 934 at the age of 66 i n  spite of 
cumulat ive exposures that must have been 
thousands of rems. What about more recent 
radiation workers with lesser exposures? A recent 
report of the mortal ity from cancer and other causes 
among 1 338 Brit ish radiologists who joined 
radiologic societies between 1 897 and 1 954 
revealed that in those who entered the profession 
before 1 92 1  the cancer death rate was 75% higher 
than t hat of other physicians but that those entering 
the profession after 1 92 1  had cancer death rates 
comparable to other professionals (41 ) . Although 
the exposure of the radiologists was not monitored. 
it is est imated that those who entered between 
1 920 and 1 945 could have received an  
accumulated whole-body dose of the  order of  100 to 
500 rad. 

It seems obvious from these sampl ing of reports 
that h u man studies in the low dose. low-dose rate 
range are complicated by the biases introduced by 
the case-control methodology, the l imitations of 
smal l  number stat istics and the natural  variation i n  
disease patterns in  a heterogeneous human 
populat ion.  Because of these inherent l im itations, it 
seems unl ikely t hat human studies wi l l  ever answer 
definit ively the question as to whether t here is a 
threshold for radiation- i nduced carci nogenesis. 

Animal  studies have certai n  advantages: the 
an imals are inbred and are not subject to the 
genetic and environmental variabi l ity of a h u man 
population; at present it is possible to expose 
animals but not humans to graded radiation doses 
at different dose rates. The in herent l im itation of 
such studies is that it would be enormously 
expensive to mainta in  the large groups of animals 
that would be requ ired to evaluate effects at  tru ly 
low doses and dose rates. The concl usion of many 
studies of different tumors i n  different an imals is 
that for a given total dose there was genera l ly 
decreased tumorigenesis when the radiation was 
del ivered at a lower dose rate, but that the 
reduction factor was dependent on the tu mor and 
the species of animals (42). None of these studies 
have been performed at tru ly low dose rates. The 
studies by U lrich and Storer (43) on tumorigenesis 
in  RFM mice revealed that the 1 37Cs gamma-ray 
irradiation is del ivered at 8 .3  rad/day, i .e. , 25,000 
t imes natural background, there is a threshold of 
about 50 rads before an increased incidence of 
ovarian tumors or thymic lymphomas is observed. 
The threshold appeared to be no more than a few 
rads when the irradiation dose rate was 45 
rad/min.  Studies at even lower dose rates. for 
instance at about 1 00  times natural background, 
would require an enormous number of animals and 
are rea l ly not practical .  
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Without developing a detai led theoret ica l model 
for radiation carci nogenesis. it can be expected that, 
since human beings are more than 75% water, low
LET ionizing radiation is probably largely absorbed 
in the water with  product ion of free radicals. Thus 
many of the biochemical changes init iated in the 
cel l  and. in  part icu lar. damage to cel lu lar DNA. are 
probably a conseq uence of the indirect act ion of the 
products of water radiolysis. If molecu les which 
scavenge radica ls a nd which are normally present 
in  tissue exceed the concentration of free radica ls 
generated at low dose rates. there may wel l  be no 
in it iat i ng event. i .e . •  da mage to DNA. The threshold 
could be the dose rate at which the free radicals 
overwhelm the scavengers-and this may be 
dependent on species of an imals and specific 
tissue. This is a tenable hypothesis but one that is 
not readi ly ver i fiable. 

· In addition to concerns with carcinogenesis. there 
is considerable fear of t he r isks of genet ic effects 
from radiat ion. This was considered extensively in  
the BEIR I l l  report (3 1 ) and i t  was concluded that 
since radiat ion- i nduced transmitted genet ic effects 
have not been demonstrated i n  man. est imates of 
genetic r isks must be based on laboratory data 
obtai ned at h igh  dose rates.  Schu l l  et a l .  (44) have 
concl uded on the basis of studies of the chi ldren 
born to survivors of the H iroshi ma-Nagasaki 
bombings, that the est imated doubl ing dose for 
genetic changes would be about 1 50 rem. a value 
some four-fold h igher than the results from 
experimental studies on mice. F urthermore. this 
represents simply an estimate s ince they reported 
that in no instance was there a statistically 
sign ificant effect of parenta l exposure. It  should be 
noted also that many invest igators have found that 
chronic irradiat ion in mice is about three-fold less 
effective than acute irradiation. This would 
effectively raise the doubl ing dose for prolonged 
exposure in man to about 500 rem. Furthermore, 
since none of the studies in  m ice were performed at 
tru ly low dose rates. one cannot really determine 
what the doubl ing rate would be for background 
radiat ion. 

In my introduction to this presentation I raised the 
question "How low is low?" or are there levels of 
radiation below which one cannot discern 
deleterious effects of radiation. The a nswer to that 
question is YES. The GAO report concludes ( 1 4) 
that "there is as yet no way to determine precisely 
the cancer risks of low- level ionizing radiation 
exposure, and it is unlikely that this question will be 
resolved soon. "  Stating that there are levels below 
which one cannot discern harmful effects of 
radiation is not the same as reaching conclusions 
concerning the existence of a threshold below 
which radiation effects in man does not occur. I n  
science w e  can only accept a s  valid those laws that 
are subject to experimental proof. We can 

hypothesize. but we should not confuse hypothesis 
with real ity. There is a problem in determining what 
kinds of studies should be funded in radiologic 
research. It is  evident that epidemiologic studies 
cannot produce meaningful  data about the 
existence of a threshold for radiation effects. 
Molecular a nd cel lu lar studies may or may not give 
some insight about molecular or cel lu lar effects but 
cannot answer important quest ions about repair 
mechanisms in the intact animal or man when 
radiation is del ivered ..at low dose-rates. At present 
there are no real ly good ideas that wou ld permit a 
breakthrough in the field of low-level radiation 
effects. Therefore, good scientists with i magination 
and i nsight are unl ikely to work in  a field in which 
the studies. at best. are pedantic and. at worst. are 
i nevitably flawed. Thus. this field of research which 
is  now primari ly generated not by scientific interest 
but by Federal concern and Congressional mandate 
is not l i kely to attract i nvest igator:& seeking to open 
new front iers in science. It is essential  to 
communicate to the publ ic and through them to our 
government that each of us  loses when scientific 
talent and funding is diverted from scientifical ly 
important and social ly desirable investigat ions to 
predictably negat ive experi mentat ion because of 
irrational fears generated by wel l - intentioned or i l l 
i ntentioned but often uninformed Cassandras. 

Let me turn now. for a moment, from science to 
phi losophy. Science. unl ike rel ig ion. is not 
i nfl uenced by bel ief or divine revelation. In science 
we observe. hypothesize and reobserve in an 
attempt to determine whether the hypothesis is 
consistent with the observations. Scientists are· not 
Aristotel ians-if we want to determine the number 
of teeth in  a horse's mouth we open its mouth and 
count the teeth .  Somet imes the critical experiments 
cannot be performed with ava i lable tools. Thus, 
Newton's Laws. which were dogma for over two 
centuries. could not predict behavior at high 
velocit ies or atomic or subatomic .dimensions. But 
this is simple compared to predicting the laws 
governing the m uch more complex interrelations in 
biologic systems including man. With respect to 
effects of low-level radiation. there is a consensus 
that there are no reproducible studies 
demonstrating unequivocally that such effects are 
demonstrable. The disagreement concerns how to 
extrapolate from higher dose rates and total doses 
to the non- measurable range. The BEIR I l l  Report 
( 3 1 ) concluded that a l inear-q uadratic extrapolation 
is the one most consistent with avai lable data; 
Radford dissented and contf'nded that the l inear 
extrapolat ion hypothesis was appropriately 
conservative; Rossi claimed that a quadratic 
extrapolation should be employed. There are those 
who hold that there is no evidence which would 
exclude the possibil ity that there is a threshold 
below which there are no radiation effects. After all, 
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with what we have learned in recent years through 
studies in molecular biology there is every reason to 
bel ieve we have repair mechanisms hitherto 
undreamed of. The disagreement in the low- level 
radiation field is about hypothesis-ndt observable 
facts. One cou ld not determine the val idity of 
Newton's Laws at sub-atomic dimensions until  the 
tools became ava i lable. However. in that case there 
was no need to make pol icy decisions based on 
extrapolation. In the case of low-level radiation 
effects. public pol icy decisions need to be made in 
the absence of scientific evidence. It should be 
appreciated that these are arbitrary decisions based 
on phi losophy not fact a nd may wel l change 
because of pol it ical or other considerat ions. 

In conclusion let me quote from the National 
Council  (NCRPI Report No.  43 on Radiat ion 
Protection Phi losophy. "The indicat ions of a 
significant dose rate influence on radiation effects 
would make completely inappropriate th8. current 
pract ice of summing of doses lit all levels of dose 
a nd dose rate in the form of total  person-rem for 
purposes of ca lculating risks to the population on 
the basis of extrapolation of risk estimates derived 
from data at high doses and dose rates . . . .  The 
NCRP wishes to caution governmental pol icy
making agencies of the unreasonableness of 
interpret i ng or assuming "upper l im it" est imates of 
carcinogenic risks at low radiation levels. derived by 
l i near extrapolation from data obtained at high 
doses and dose rates. as actual  r isks. a nd of basi ng 
unduly restrictive pol icies on such an interpretation 
or assumption . U ndue concern. as wel l  as 
carelessness with regard to radiation hazards, is 
considered detrimental to the public interest. " 
Would that a l l  legislators and regulators would pay 
heed to these wordsl 
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1 .  INTRODUCTION 

The Austrian psychologist and Nobel Prize winner Konrad Lorenz has pointed out 
that, like animals, humans have a strong •Revier Instink� (•territorial instinc�). 
i.e., we always tend to strongly defend our own territory. Nuclear chemistry is 
such a Revier, and we can see a threat against it by anti-nuclear forces in 
society. However, this meeting has not been arranged only to defend this territory, 
but rather because of a general concern about the present trends in the whole 
nuclear field, not only in nuclear chemistry but also in nuclear medicine and other 
applications of nuclear science. Nuclear science has given great contributions to 
the society, and there are still large benefits to reap. 

Many of us here matured during the decades after World War II, when nuclear 
science attracted the best young brains in the country, when every university gave 
courses in nuclear chemistry, when new elements were synthesized almost every year, 
when the nuclear submarine N/S Nautilus cruise under the North Pole was hailed as a 
bold venture, when nuclear power plants were considered the height of technology 
with a promise of unlimited and cheap electric energy. 

Two events broke this •nuclear elation•: the Vietnam war and the associated 
student revolution in 1 968, and the energy crisis in 1973. Looking back we remember 
an earlier beginning of an anti-nuclear movement. Rachel Carson wrote "Silent 
Spring• in 1 962. The shadow of the atomic bombs over Japan was never possible to 
shake off. Yet, one ought to remember that already in 1 940 the two French 
scientists, J. Perrin and F. Joliot, obtained patents on a nuclear power reactor as 
well as a nuclear bomb. Thus, even without the U.S. Manhattan Project we would have 
had these things-but the world might have been different today! 

During the last 10-20 years we have seen a decreasing interest among students 
in taking courses in nuclear chemistry, and a decreasing interest among university 
faculties in continuing to teach nuclear chemistry and in replacing retiring 
professors in nuclear chemistry. The reason for this is certainly multifold. 

Nuclear chemistry per se no longer offers great intellectual challenges: we 
know so much about the nucleus, the nuclear reactions and decay modes, the chemistry 
of the heavy elements, etc., that whatever more there is to learn seems to be of 
limited interest. For the student, the •freshness• or •charisma• of the field is 
gone. There are also so many new challenging areas like biochemistry and solid 
state chemistry, not to mention that environmental research is highly in vogue. 
Last but not least, the word •nuclear• has achieved a bad taste, among students as 
well as the public; this is a product of the anti-nuclear movement. 

This report describes nuclear chemistry teacblna In some European 
countries. It not only reports present teaching, and especially conditions for 
professorships in nuclear chemistry, but also tries to analyze how the situation has 
developed as well as to suggest some actions to improve conditions in the future. 
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This subject has been treated before (to various extents). In 1966 the Council 
of Europe (Strasboura) made a survey of the resources in nuclear chemistry, which is 
now beina up-dated by an IUPAC committee headed by Professor J. P. Adloff in 
Strasboura. You certainly also remember that in 1969 this Society reviewed the 
status of nuclear chemistry in the U.S. The latter report contains much material, 
which still is topical. 

In 1980 the International Atomic Eneray Aaency (IAEA) in Vienna published a 
report on •Manpower development for nuclear power: in which, however, the academic 
situation was not well covered. On the suaaestion by Professor G. Choppin and 
myself, they appointed a new committee to study the academic resources. The outcome 
of this was another IAEA report, •Enaineerina and Science Education for Nuclear 
Power,• published in 1 986. Unfortunately, even this report avoided the question of 
the univenity manpower situation. Instead it focused on the skills required to 
assure safety and reliability of nuclear power proarams, and on providina underaradu
ate and araduate proarams (especially for the developina countries) at enaineerina 
schools and in health physics. • 

2. WHAT IS NUCLEAR CHEMISTRY? 

In judaina the resources for education in nuclear science, it is necessary to 
offer some definition of the fields of interest. It is not a question of semantics 
if we call these fields auclear chemistry or radiochemistry, or auclear 
medlclae or health physics, and so on, but a matter of undentandina what we 
are really talkina about. 

Nuclear chemistry can be defined-or better, described-in many ways, some of 
which are illustrated in Fiaure 1 :  its relation to other fields of science, its 
connection to other areas of chemistry, and its content in technical terms. A more 
detailed description can be found in subsequent Sections. Fiaure 1 does not indi
cate areas of application, which are dealt with in Section 7 .  In my presentation I 
shall use the term auclear chemistry, meanin& auclear aad radiochemistry in 
the sense of Fiaure 1 .  

3 .  FORMALIZED NUCLEAR EDUCATION (ACADEMIC CURRICULUM) 

Formal nuclear courses are aiven as a part of the underaraduate or araduate 
curriculum at 

( 1 )  (Classical) Univenities in the Schools of Physics, Chemistry, Medicine 
(2) Technoloaical Univenities•• in the Schools of Mechanical Enaineerina, Electri
cal Enaineerina, Chemical Enaineerin&, Nuclear Enaineerina 
(3) Special Government Schools. 

•The IAEA report contains •National Experiences in Enaineerina and Science Education 
for Nuclear Power• of the followina countries: Araentina, Brazil, Czechoslovakia, 
France, Federal Republic of Germany, India, Republic of Korea, Spain, Sweden, United 
States of America, and Yuaoslavia. 
•• These schools have various names; see the Appendix to this paper. 
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Here and in the following sections the reader should consult the Appendix to 
this paper for an explanation of the academic system and terminology; the terms used 
here may sometimes differ from customary U.S. terms. 

3. 1 Nuclear Chemistry Cuajculum at CCJassicall Unjveajtjes 

European universities require on the average 3-4 yean of full-time studies for a 
B.S. degree after the high school diploma. A M.S. degree requires 4-5 yean, about 
75% of which is spent on formal counes and the rest on diploma work. An additional 
4-5 years is required for a Ph.D. degree, of which about 25% may be spent on formal 
(advanced) counes. 

The nuclear chemistry counes offered by univenities in Europe differ consider
ably in name, content, and size. Some will be presented under respective countries 
(Section 8). In general one can say that they emphasize either the analytical, 
biomedical, or nuclear energy aspects. 

Univenit6 de Paris XI (Orsay) offen a very comprehensive coune in nuclear 
chemistry, which is summarized below (see Table I for details): 

Basic course: Radioelements-Radiations-Radiochemistry 

Ch. I Radioelements-Radiations-Radiochemistry 
-- Radioactivity 
-- Radiochemistry 
-- Radioelements 
-- Health physics 

Ch. 2 Radiation, Detection and Production of Radionuclides 
- - Interaction of radiation with matter 
-- Detection of nuclear radiations 
-- Production of radionuclides 

Ch. 3 Data Acquisition and Data Treatment 
-- Introduction 
-- Analysis of a, '· 1. and x-ray spectra 
-- Introduction to automatic treatment in spectrometry 
- - Data treatment in neutron activation 

Soecjal coune: 

Ch. I Nuclear Analytical Methods 
-- Methods based on nuclear radiations (gauges, etc.) 
-- Misc. methods (activation, x-ray fluorescence) 

Ch. 2 Radiochemistry and Isotope Chemistry 
-- Chemistry and methodology at tracer scale 
-- Analysis based on mixture of isotopes 
-- Radioactive sources 
-- Isotope effects and separation of isotopes 

Ch. 3 Actinides 
-- Generalities (chemical systematics, electronic structure, etc.) 
-- Thermodynamic properties and kinetics in solution 
-- Spectroscopic properties of actinides 
-- Magnetic properties of actinides 
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Ch. 4 Radioelements and Radiations In Other Fields 
- - Hot atom chemistry and chemical effects of ionizing radiation 
-- Biological behavior of radioelements and health physics 
-- Production of radionuclides and labelled compounds 
-- Chemical aspects of the nuclear fuel cycle 
-- Radwaste and radioelements in the geosphere 

In 1 987 sixteen students took this course. This course will be further commented 
upon in Section 8. 1 .  

At some univenities the students are free to elect the counes they feel are 
needed, although some counes may have an entrance examination or other 
prerequisites. Many of these counes are open to and taken by students majoring in 
other fields (geology, archeology, medicine, etc.). 

3.2 Nuclear Cbemjstry Curriculum at Technoloaical Univegjties 

An undergraduate student in chemical engineering needs 4-S years to complete 
all courses and the diploma wori (Master's Thesis) in order to become an accredited 
M.S. Chemical Engineer. For the doctor's degree (D. Techn.) an additional 4-S years 
are needed, of which I year may be spent on compulsory counes. 

The IAEA Report 266 gives typical undergraduate and graduate curricula at uni
venities with nuclear-oriented engineering schools and health physics programs. 

The following example is taken from a typical 4.S-year undergraduate program in 
chemical engineering. • It comprises 3,700 lecture and laboratory houn (about 40 
houn/week for 2 x 16  weeks per year); these houn do not include homework or diplo
ma work (4-6 months). The undergraduate program contains I SO houn ( 1 /3 exercises, 
1 /3 laboratory) of •Nuclear Chemistry and Radiation Protection• and 120 houn ( 1 /2 
exercises) of •Nuclear Power Plant Engineering.• The content of the former coune 
follows closely the text by Choppin and Rydberg, see Tables I I  and 12.  

The postgraduate compulsory chemical engineering curriculum comprises counes 
amounting to about I ,000 houn ( 1  year). It contains the following nuclear oriented 
counes: 

-- Reactor theory and control ( 1 20 houn) 
-- Nuclear chemistry and radiochemistry ( I SO houn) 
-- Radiological protection and environmental effects (80 houn) 
-- Water chemistry (SO houn) 
-- Solvent extraction chemistry ( 1 00  houn) 
-- Work science (hazards) in chemical process industry (SO houn) 
-- Introduction to the nuclear fuel cycle (60 houn) 
-- Radioactive waste management (80 houn) 

• See IAEA Report 266. The program is believed to be representative for most 
chemical engineering schools. 
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In these courses, except for the first one, the students are taught by nuclear 
chemists. 

The postgraduate courses emphasize the responsibility of nuclear chemists for a 
safe nuclear energy program. They also illustrate the usefulness of the special 
knowledge acquired by nuclear chemical engineers for other fields of chemistry 
(water chemistry, solvent extraction). Of particular importance, recently often 
pointed out, is the transfer of the experience of nuclear chemical engineers in 
work safety (radiochemical hazards, glove box work, remote control, etc.) to 
other fields of chemistry. 

3.3 Special Government Scbools 

Some countries (France, U.K.,  West Germany) have large national nuclear energy 
research centers. The researchers at these centers usually collaborate with those 
of neighboring universities, providing an important teaching and research resource 
for the university, which often has chronic funding problems. Courses may be given 
at the research center, at a special school (see France, Section 8. 1 ), or at the 
university by teachers accredited by the university but employed either by the re
search center or the university. These courses carry full university credit. The 
student may wish to later become employed by the research center-thus filling its 
manpower needs, or by the university, or industry. The joint courses so arranged 
are both basic and applied, and cover various areas like physics, chemistry, 
medicine, and technology; such collaboration will be discussed for each nation 
covered in Section 8. 

4. EXTRAMURAL (NONACADEMIC) NUCLEAR EDUCATION 

Extramural (nonacademic) nuclear education is usually •profit based•, i.e., it 
is not free or heavily subsidized as at national laboratories or state 
universities. Such education is provided by the Reactor Schools for training reac
tor operators, the expenses of the student being paid to the school by the nuclear 
power industry. These courses include nuclear power operations, nuclear safety, 
regulations, leadership, and on-the-job training. They may also include basic nucle
ar chemistry (the atomic nucleus, radioactive decay, etc.), health physics, waste 
handling, and so on, for shift operators and technical personnel. The teachers may 
or may not be academically trained, and the courses carry no university credit 
(although the industry sometimes asks for that). These courses are mentioned here 
not only for completeness, but also because they are in competition with some univer
sity courses. Also, they may lead to a kind of inbreeding without insight. 

The industry regularly needs to reeducate its own personnel. This can be done 
by sending personnel to the university teaching institutions or by providing 
intramural courses. It is the author's opinion that it is particularly unwise for 
the industry to provide all intramural (by themselves) reeducation. 

On-the-job training in the industry is often combined with the type of courses 
mentioned above. It is not of particular interest for this presentation. 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


as 

S .  HEALTH PHYSICS 

The picture will be incomplete unless a few words are said about teaching 
health physics. Knowledge in this subject is needed wherever man is confronted with 
large sources of radiation, especially at nuclear power plants and at hospitals. 
Health physics at the univenity may be aiven by the School of Physics, School of 
Chemistry. or School of Medicine (all cases exist). The IAEA Report 266 aives a 
detailed 4-year proaram of undergraduate (about 4,000 houn) courses in health 
physics, as well as 2-year postgraduate counes. While the IAEA courses (some also 
given by IAEA) focus on nuclear power plant problems, the univenity counes usually 
focus on hospital demands. Thus the latter courses, some being compulsory, are 
taken by medical students. Many non-medical students taking these courses get em
ployed by the hospitals. In Sweden many students in nuclear chemistry supplement 
their education with health physics courses; they have become employed both by hospi
tals and in the nuclear industry, in the latter case becomina responsible for plant 
safety, waste handlina, etc. . 

In Sweden the Institutes of Health Physics at the univenities also provide 
courses at several levels for nunes specializing in that area. 

It is interestina to note that most curricula in health physics do not include-
or require-any chemical knowledge, althouah much of the nuclear hazard is relat
ed to the transportation in the environment of radioactive chemical compounds. This 
has been somewhat remedied in the IAEA course mentioned above. It may be worth con
sidering introducing chemistry (nuclear chemistry) into all health physics counes. 

6. ACCREDITATION OF FORMAL NUCLEAR EDUCATION 

At the Vienna meetinp leading to IAEA Report 266, the safe operation of nucle
ar power plants was the main concern. It was discovered that in many countries no 
formal education was required for the plant Head Manager or for the responsible 
Health Officer, who were the only two who had (independent) authority to shut down 
the plant in case of emergency. It was pointed out that in some countries (the 
U.S.?) the responsible Health Officer had to be an accredited health physicist, but 
that this was not so in other countries (e.g., Sweden). The workina aroup at the 
meetina found it surprising that the authorities granted the industry permission to 
operate a nuclear power plant, with no requirement for any formal education for the 
Head Manaaer or Health Officer. 

Special accreditation for nuclear power plant managen and Health Officen may 
be worth considerins; of this, nuclear chemistry should be an intearal part. 

7. APPLICATIONS OF NUCLEAR CHEMISTRY 

Fundamental research, carried out for pure scientific curiosity, would probably 
not be funded by society if it did not believe that it would pay off in the future. 
Does anyone remember an important scientific discovery that has not had any 
application? It is worth remembering the words in the will of Alfred Nobel, • . . .  
to those who have made mankind the area test benefit. • Nuclear chemistry will be 
Judged by the benefits of Its applications. These are many. A few are summarized 
below. 
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When we look at areas of application of nuclear chemistry, and employment for 
the nuclear chemist, it is practical to make a distinction between (i) what chemists 
can do in nuclear activities and (ii) what nuclear chemists can do in other 
disciplines. In this connection it is important to remember that nuclear chemists 
are basically chemists. 

7 . I  Chemjsts in Nuclear Actiyities 

The •nuclear activities• can be divided into four main groups, dealing with 
nuclear physics, nuclear energy, the production of radiochemicals, and the use of 
radiation and radioisotopes in hospitals. 

7. 1 . 1 Nuclear Physics 

o target chemistry (e.g., preparation, separation) 
o excitation functions (e.g., reaction paths, yields) 
o decay schemes (e.g., correlation to structure) 

7 . 1 .2 Nuclear Energy 

Front-end fuel cycle: 
o uranium production (refining, waste handling) 
o isotope separation 
o fuel element fabrication (including MOX) 

Reactor operation: 
o reactor chemistry (radiolysis, water purification [before and on-line], 

radioactive leaks (aqueous, gaseous), filtering) 
o reactor accident studies (source term, aerosol transport) 
o decontamination and decommissioning 

Back-end fuel cycle: 
o spent fuel handling 
o reprocessing (decanning, separation, process waste, analysis) 
o waste handling 
o waste storage (technology, risk analysis, materials testing, ecology, 

public relations) 
o research on improvements of the nuclear fuel cycle 

Radiological protection: 
o radionuclide analysis 
o handling large amounts of radionuclides (•health chemistry•) 
o radiobiology 

7 . 1 .3 Production of Radiochemicals 

o accelerator and reactor technology 
o target chemistry 
o labelling 
o radiochemical purity 
o radioactive self -destruction of labelled compounds 
o production of milking pain 
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7. 1 .4 Hospitals (closely related to Section 7. 1 .3 and 7.2) 

0 undentanding production or radionuclides 
o handling large radionuclide sources 
o handling milking pain 
o diagnostic uses 
o sophisticated scanning techniques (gamma and positron tomography) 
o radioimmunoassay 
0 therapeutic uses (large doses) or radionuclides 
o dose calculations 

7.2 Nuclear Cbemists in Life Sciences (closely related to 
Sections 7 . 1 .3 and 7 . 1 .4) 

o cyclotron production or short-lived nuclides 
o rapid labelling 
o non-carrier techniques 
o automatization or synthesis 
o tracer kinetics in vivo 
o tracer work with 'T, ltC, etc. 
o radiation chemistry (for undentanding radiation biology) 
o studies or metabolic rates 
o analytical chemistry or environmental samples (in soil, water and air) 
o (Maybe one should add •undentanding man's world .. because or the 

information about this planet and the universe obtained from nuclear 
and radiochemical research.) 

7.3 Nuclev Cbemjsts jn Cbemjstrv 

o Analysis - - elementary: activation (neutron, proton; prompt, delayed; 
instrumental, etc.) 

-- molecular: isotope dilution labelling, tracing 
o Chemical reactions -- tracen in inorganic, organic, biochemical, etc. 

equilibrium constants, kinetics 
-- sepvations yield determinations (isotopic exchange) 
-- hyperfine interactions (chemical environment effects as 

MOssbauer spectroscopy. isomeric transitions, intensity 
or convenion electrons, etc.) 

-- positronium chemistry 
-- hot atom chemistry (extreme valency states) 

o Radiation chemistry-- materials treatment 
-- food sterilization 

o Chemical industry -- chemical tracen, physical tracen 
-- gauges for level, thickness, etc. 

7.4 Nuclear Cbemjstrv in Other Disciplines 

o Dating research -- archeology (usually now at specialized labs) 
-- geology 
-- mineral prospecting 

o Environmental research and control -- use or sensitive radiotracer and 
radioanalytical techniques 
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7 .S Employment of Nuclev Cbemjsts 

The following veas can be discerned: 

- teachen at univenities 
- experts at authorities (federal, state, county), Radiation protection; 

Nuclear Inspectorate; Ministries (Health, Energy. Environment); Defense 
- nuclev power plants (see above for responsibilities) 
- nuclear fuel cycle (see above for responsibilities) 
- mining industry (geological resevch) 

Experience in the U.K. indicates that those graduating in nuclear chemistry 
have been employed in (i) hospitals and medical resevch, (ii) the industry. (iii) 
analytical applications and dating, (iv) environmental studies and radiological 
protection (most rapidly growing in the U.K.), and (v) a small number of 
univenities. 

A study in Sweden of students graduating in nuclear chemistry gives the follow
ing fields of employment university and hospitals (28). nuclear industry ( 1 1 ). 
authorities (control) ( 1 0). nuclev consulting (6). patent offices (4), and non-nu-
clear industry (8). It should be noted that the selection of these penons was 
through •friends-to-friends• information and does not represent a good statistical 
selection. 

A more comprehensive study is presented in Table 2, which shows how nuclear 
chemists compete in the nuclev energy field with other academically trained groups. 

8. NATIONAL PROGRAMS FOR NUCLEAR CHEMISTRY EDUCATION 

Three events have formed the nuclear science of today: the discovery of natural 
radioactivity in 1 896- 1 898, the discovery of artificial radioactivity in 1 934, and 
the discovery of fission and a-producing chain reactions in 1 939-42. Chemists were 
deeply involved in all of these events. 

The early pioneen of radioactivity established world famous laboratories for 
research in nuclev chemistry: the Curies and Joliots in Paris, Rutherford and his 
collaboraton in Cambridge, Hahn and collaboraton in Berlin, and Niels Bohr and 
co-workers in Copenhagen. to mention a few. Other locations for early work were 
Strasboura. Vienna. Rome, Oslo, Uppsala, Berkeley, Montreal, etc. Although the 
discovery of artificial radioactivity opened up a completely new field for the nucle
v chemists, it was not until nuclear energy became a reality that nuclev chemistry 
was introduced as a subject into the undergraduate curriculum at universities. 

This paper will not present the history of teaching nuclear chemistry. It will 
only deal with the present situation. and only for a few selected countries. These 
countries have been chosen partly because of easily available information. and part
ly because they form a representative pattern of •extremes• in the nuclear energy 
policy field. Table 3 provides some statistics about these countries: population 
density, GNP, electric energy consumption per capita, nuclev energy production, 
etc. 
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8 . 1  france 

Teaching in nuclear chemistry is conducted at (i) the univenities, (ii) the 
National Institute of Nuclear Science and Technology, and (iii) the National School 
of Arts and Craf'ts. 

The latter only offen evening counes for technicians. The presentation below 
will only deal with (i) and (ii). Because France is somewhat unique in the nuclear 
field, it is suitable to begin with a short presentation of the French nuclear poli-
cy and public attitude. 

8. 1 . 1  Nuclear Energy in France 

France is the most nuclear energy intensive country in the world, 70% of its 
electricity beina produced by nuclear power (see Table 3). It is also the only 
non-communist country with a complete fuel cycle: mining uranium ores in the Massif 
Central (though most is purchased from former French colonies), uranium purification 
plants, isotope separation plants (gaseous diffusion and ultracentrifugation; sol-
vent extraction is being given up, while laser separation is being developed), 
gas-cooled reacton for weapons production at Marcoule and about SO PWR reacton for 
energy production, the (international) Super-Phoenix 1 power-producing ( 1 ,200 MWe) 
breeder reactor at Creys-Malville, reprocessing (Marcoule and La Hague), production 
of MOX (4% Pu) and breeder ( I S%-2S% in core) fuel elements, waste handling (2 
vitrification plants for high-level waste), and final deposition techniques are 
beina viaorously developed. The program, run by the Commissariat a l'Energie Atom
ique (CEA) throuah a number of subsidiary companies, includes development of nuclear 
weapons. About 9,000 people work in the fuel cycle. The CEA functions as an inde
pendent Government ministry, sorting directly under the Prime Minister. 

· On the educational side, the French have developed their own programs, without 
much alancina at other countries. It is interesting to study the background of this 
development. 

8. 1 .2 Public Attitude Towards Nuclear Energ� 

In order to undentand the public attitude towards nuclear energy in France, 
one must try to grasp the French national character. The French are very individual
istic and critical, and rapid to rise emotionally to defend an important cause. 
Still they easily follow a •good• leader and neglect misconduct (•humans are 
humans•). The French Revolution chanaed an authoritarian regime into a democracy 
(thouah not overnight), and the student revolution, most intense in Paris, split the 
powerful 800-year-old Paris univenity into 1 3  less powerful (semi-independent) 
univenities; it also gave students considerable power (there is a revene tendency 
at the present). Still, France is a very centralized society, and the French have 
great respect for authority. Politicians are highly regarded in France. The 
French admire their areat men of the past-military leaden, politicians, artists, 
and scientists-even though they constantly debate them. This •contradictory 
character" bas an important effect on the nuclear energy policy. 

•ne author's personal opinion. 
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In this connection three names are mentioned with deepest respect Curie, 
Joliot, and de Gaulle. Marie Curie spent the later part of her life working for 
peace and the poor. Her discoveries were used in the treatment of the sick and 
disabled. Paris University VI is named Universite- Pierre et Marie Curie. 
Institut Curie runs research, the most famous cancer hospital in France, etc. To 
people, •radioactivity and radiation•- Marie Curie's •discoveries•-are something 
good. Every weekday, school classes, and individuals of every class, come to the 
Laboratoire Curie to see Marie Curie's laboratory, handwritings, photos, and Nobel 
Prizes. lr6ne Curie (daughter to Pierre and Marie) received the Nobel Prize in 
chemistry (together with her husband Frederic Joliot) in 1 93S and became the first 
Minister of Scientific Research in 1 937. Frederic Joliot worked during the war for 
the underground movement and joined the communist party. After the war he became 
responsible for reorganizing French science and was head of the Atomic Energy 
Commission. He and lr6ne strongly supported nuclear energy but were against nuclear 
weapons. They are still highly regarded, especially by the young. De Gaulle iS the 
founder of the Fifth Republic. He rebuilt France from the ruins after the war and 
restored self -confidence in the French people. He told the French only to trust 
themselves. Thus they had to have a strong defense (•military• has always been 
respectable in France), including nuclear weapons (Force de Frappe). In this he was 
supported by the communist party and Joliot. 

As a consequence of this, the French public favors both nuclear energy and a 
nuclear weapons program. All political parties support this policy. Nevertheless, 
there is a small anti-nuclear group in France, which seems to get more publicity 
than public support. (One may ask if this is a •Dreyfus-syndrome•. a continuation of 
the classical struggle in France between the military and the press.) The anti-nu
clear group refers to the pro-nuclears as •electro-fascists•. 

The Chernobyl accident took the French people by surprise. It is claimed that 
the nuclear authorities tried to hide the fall-out over France. As experts, we 
know that the fall-out was small, less than I% of the fall-out over Sweden. 
Nevertheless, the French seem more upset than the Swedes are. The news media appear 
to make efforts to worry people. Recent polls indicate that people now regard the 
large number of nuclear power plants in France (at 1 9  places) with increasing 
suspicion. For example, the plant at Nogent-sur-Seine, located 60 miles ( 1 00  km) up 
River Seine from Paris, would seriously menace the drinking water of Paris in case 
of an accident. 

In conclusion, while the French are for nuclear energy by tradition, their 
support is likely to weaken in the future. On the question -shall we continue to 
build nuclear power plants?• S8% of the people voted •No• (and 37% •ves•), according 
to a recent poll by the L'Express. To this picture one has to add the pressure from 
abroad. The French nuclear power plants at Gravelines, Choose, Cattenom, and Fessen
heim are not only localized at highly industrialized parts of Europe, where there is 
a great demand for electricity, but they are also located at the border to Belgium, 
Luxembourg, and West Germany, causing great opposition in these countries. This 
opposition seems to be spreading to France. 
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8. 1 .3 Univenity Orpnization 

Higher education in France is conducted at the univenitiei and technological 
institutes (Grand Ecole). The educational system is illustrated in Figure 2 (the 
example for Orsay can differ slightly). For comparison with the U.S. system, see 
Figures 3 and 4. After a high school diploma (Baccalaureat) 2 yean lead to a 
DipiOme d'Etudes Univenitaire General (DEUG), DipiOme d'Etudes Univenitaire de 
Science et Technique (DEUST, for science students), or Dipl6me Univenitaire Tech
nique (DUT, for technicians; for this group there are higher possibilites, BTS). 
After DEUG further studies lead, after 2 yean, to a Master's degree (Maltrises) or 
to DipiOme d'Etudes Approfondis (DEA, •diploma allowing advanced studies•), the 
latter compulsory for graduate students who want to obtain a Ph.D.; the graduate 
studies are 4-S yean (the 2-3 years shown in Figure 2 do not hold in practice). 
The French refer to this scheme as • 1 :e cycle• (to DEUG), •2:eme cycle• (to 
maltrise) and •3:eme cycle• (graduate work). On most levels there are exit points 
for special professions. In 198S/6, at the Univenite d'Orsay the number of 
applicants in chemistry was 1 99  for DEUG and lOS for DEA. 

The engineering education (Formations ingenieun) is formally S yean but in 
practice about 6 years. This is considered a good education and jobs are 
•guaranteed•. A Ph.D. is considered equally qualified (but after about 8 yean!). 

8. 1 .4 Univenities Teaching Nuclear Chemistry 

Nuclear chemistry is taught at 9 univenities (3 of which are in Paris) and at 
the CEA organization, INSTN. Research in nuclear chemistry is carried out by the 
univenities, the CEA, and at IN2P3. Table 4 summarizes the status of these 
laboratories, excluding CEA. Although all univenities can grant a Ph.D. degree, 
only the univenities in Table 4 can grant the Ph.D. in nuclear chemistry; all DEA 
courses are compulsory for those registering for DEA. The counes at Orsay are 
indicated in Tables S (general survey) and I (course content). 

The full Orsay DEA coune is quite comprehensive. The title of the main coune 
is •Radioelements-Rayonnements-Radiochimie•. It is given by the lnstitut de 
Physique Nucleaire (lPN) at Orsay. A few yean ago a similar course was offered 
by M. Lefort, who formally was Professor of Nuclear Chemistry at Orsay. At his 
retirement, no new professor was appointed in nuclear chemistry; instead R. Guillau
mont was appointed Professor of Chemistry with the responsibility to teach nuclear 
chemistry. This is further commented on in Section 10.2. 

Student interest in nuclear counes is decreasing. Also employment is 
difficult, at the present, because of the closing of the solvent extraction isotope 
separation plant, freeing about 2SO chemists; during 1 987, only oae new chemist 
was hired by CEA. However, in coming yean retirees must be replaced, and the out
look for getting a job within CEA will improve. It is believed that this situation 
may lead to a demand exceeding available manpower. 
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8. l .S Institut National des Sciences et Techniques Nucleaires (INSTN) 

In the 19SOs the French authorities decided to develop nuclear power on the 
bases of COa cooled graphite reacton (Magnox). Many yean later it was 
decided to switch over to a Westinghouse PWR type as being more economical. In this 
situation a demand developed for engineen and scientists knowledgeable in the new 
system. Because this demand could not be met by the univenities, a special school 
was created in 1 9S6 by the CEA at Saclay (Paris): INSTN. The institute sorts under a 
committee with representatives of the Ministry of Research and Technology, the Minis
try of Education, the CEA, and private industry (the chairman is the Rector of the 
Academy of Paris). Teachen are recruited from the univenities, from industry, and 
from CEA. Also, foreign students are admitted. INSTN is integrated into the Saclay 
Nuclear Research Center, which offen research resources. 

The INSTN has large resources for education: 6-8 lecture halls for 30-SO stu
dents (total capacity: 300 students); a large number of student laboratories for 
mechanics, electronics, chemistry. biomedicine, and computer seience; a large reac
tor simulator, and a 100-kW research reactor. 

Counes are of two kinds: (i) Special counes, "Sessions d'etudes•, which are 
for people from industry (e.g., Electricite de France) and hospitals who pay for 
the coune, covering a large number of subjects related to the nuclear industry 
(metal corrosion, radiation protection, biological uses of radioisotopes, etc.), and 
(ii) formal univenity teaching courses, •Ensignements,• in nuclear science and 
technology for the DEA and DESS degrees (Figure 2). INSTN is trying to be 
•au-covering• in nuclear education·, although this seems to be opposed by some 
universities. For example, a medical doctor who intends to use radioisotopes has to 
take comprehensive counes at INSTN; no such teaching is offered by the hospitals or 
univenities. Each year about 300 students take courses in radiochemistry; however, 
for some types of students, the course is short, only 3-6 houn, whereas it is much 
more comprehensive, e.g., for chemical engineen. In 1 987, the number of DEA stu
dents in nuclear chemistry amounted to l S-20. 

The INSTN feels that it coven the whole French demand for nuclear education. 
They claim that their counes are always full ( I S-20 students per course, except for 
about SO for computer science). The number of applicants to the counes in nuclear 
chemistry has increased 20% this year. 

8. 1 .6 Nuclear Research and Education Outside Univenities and CEA 

The Centre National de Recherches Scientifique (CNRS) is the largest research 
organization in France, with over 30,000 employed. It sorts under the Ministry of 
Education and deals only with fundamental research. They can autonomously open or 
close their own laboratories. A subdivision is the lnstitut National de Physique 
Nucleaire et de Physique des Particules (•JN2P3•), which employes about SOO 
scientists, of which 4S work at the Laboratoire de Chimie Nucleaire in Strasbourg 
(Professor J.P. Adloff). The CNRS employees have no teaching responsibilities. 
However, many of the laboratories collaborate with a local univenity, e.g. in Stras
bourg with the Universite Louis Pasteur, and there offer some teaching, mostly on 
the graduate level. 
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8.2 The Fecleql Republic of Germany 

See Table 3 for some statistical data related to nuclear eneray. 

8.2. 1 Backaround 

The Federal Republic of Germany has larae indiaenous (brown and bard) coal 
resources but little water power. Most of the electricity is produced from coal, 
while about 3()4M, comes from nuclear fuels. Nuclear industry is private. The present 
larae unemployment amona coal minen hampers the expansion of nuclear energy. The 
anti-nuclear movement is led by the Greens (thouah split into fundamentalists and 
realists, the latter •may accept• existina nuclear plants), which have about 7% of 
the votes. ayeachen and women• are said to favor the Greens. 

Two larae research centen, at Julich (KFA) and Karlsruhe (KFZ), provide most 
of the R A D  needed for the nuclear eneray proaram: this comprises use of MOX fuel, 
development of a hiah-temperature au-cooled thorium-fueled araphite reactor (THTR 
300 at Hamm), breeder reacton (SN 300 at Kalkar; collaboration on the French 
Super-Phoenix), reprocessina (to be built at Wackersdorf), and waste storaae (Asse, 
Konrad, Gorleben). As in other countries, the nuclear research centen move away 
from nuclear eneray to eneray in aeneral and to environmental research. 

Several federal ministries are enaaaed in nuclear eneray: 

o the Federal Ministry of Research and Technoloay (BMFT) 
o the Federal Ministry of Interior (safety) 
o the Federal Ministry of Environment (BMU). 

The ministries only fund larae research projects. 

The individual state aovemments are responsible for schools and univenities. 
The univenities are fairly independent and differ considerably between the 10  
states (Lindem). The fundina from the Landesreaierung is limited and is not 
enouah for research. Small-scale funding mainly comes from the National Research 
Council (Deutsche Fonchunasaemeinschaft). 

8.2.2 Univenities Teachina Nuclear Chemistry 

Some univenities still have •chain•, while othen only have 
•professonhips•. There are 3 ranks of professon: C4 professor (full), C3 profes-
sor (associate), and C2 professor (assistant). All professon are appointed by the 
minister of cultural affain of the Landesreaieruna, and all receive a budaet. A C4 
professor cannot be replaced by a C3 or C2, or vice vena, by pure univenity 
decision. Vacant positions are publicly advertised. The number of applicants may be 
20-30; applicants from other universities are preferred. Durina the 1960s, C2 pro
fesson were appointed without a selection procedure. Fiaure S shows the FRO educa
tional system. Four yean are required to obtain a Diploma dearee. Diploma work in 
nuclear chemistry can only be carried out at univenities that have a chair in the 
subject. Below, TU refen to Technical Univenity; all faculty are C4 or C3/C2 
(marked•) professon in nuclear and/or radiochemistry, except as specified. 
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- Aachen (TU), E. Merz (Nuclear Technology) 
- Berlin (Freie Univenitlt), G. Marx• 
- Bonn (Univenity), Aumann (at Department of Physical Chemistry) 
- Cologne (Univenity), G. StGcklin (Director of Nuclear Chemistry at 

Julich, Professor at Cologne Univenity) 
- Darmstadt (TU), K. H. Lieser, H. Munzet•, K. BAchmann• 

(Inorganic and Nuclear Chemistry; Lieser soon retiring, uncertain replacement) 
- Hamburg (University), A. KnOchel• 
- Karlsruhe (TU),H.-J. Aache (Analytical Chemistry; head of Institute of 

Radiochemistry at KFZ Karlsruhe) 
- Mainz (Univ.), G. Herrmann, J. Kratz, 0. Denschlag•, N. Kaffrell• 
- Marburg, R. Brandt•. Patzett• . · 
- Munich (TU), F. Baumgltner, Heusinge�. F. Lux•, J. Kim• (Institute 

of Radiochemistry) 
- Saarbrucken (vacant, uncertain replacement) 

Several factors make the future of nuclear chemistry in the FRG dim: there is 
no expansion of nuclear energy. nuclear chemistry is not needed by the industry any 
more, and the subject is not C?Onsidered very important by colleagues. 

8 .2.3 Johannes Gutenberg Univtmlitlt Mainz 

The School of Chemistry includes ratber large Institutes: Inorganic and 
Analytical, Nuclear, Organic, Physical Chemistry, Biochemistry and Pharmacy. The 
Institute fOr Kemchemie has about 80 people, 4 professors (see above), 8 research 
group leaders, and about 2S graduate students. The experimental resources are very 
good and include a 100-kW Triga reactor (pulsed to 2SO MW). The adjoining Institute 
of Nuclear Physics has a 300-MeV electron LINAC. 

Nuclear chemistry is taught at the 200 level. Annually 13 different courses 
are offered for one semester of 1 3  weeks: 

For chemistry students: 
Kernchemie I (3 houn/week, 1 3  weeks/semester, 2 semesters; 30 students per year) 
o Weshalb Kernchemie (Why nuclear chemistry?) 
o Radioactivity 
o The nucleus 
o Spontaneous transformations 
o Induced transformations 
o Nuclear models 
o Nuclear processes in geology and astrophysics 
Kemchemisches Practikum I, Ferienkurs (2 full weeks; 100 students) 
Kernchemisches Practikum II (4 full weeks) 

For non-chemistry students: 
Lectures in nuclear chemistry for science teachers (3 hours/week) 

Experimental course for d:o (2 full weeks) 
Lectures in nuclear chemistry for physicists (2 hours/week) 

Experimental course for d:o (I hour/week) 
6 Advanced courses: Nuclear reactions with heavy ions (2 hours/week) 

Selected topics ( I  hour/week every 2nd week) 
Seminars in nuclear and cosmochemistry (d:o) 
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Seminan by research groups of the Institute ( d:o) 
Reactor practicum ( 1  full week) 
Seminan (preparations) for Ph.D. works 

The research activities are directed into the following areu: production and 
structure of short-lived nuclei, heavy ion reactions, fission yields, superheavy 
elements, laser spectroscopy of actinides, and detection of very small amounts of 
actinides in nature. Close collaboration with GSI in Darmstadt (see Section 8.2. 7). 

8 .2.4 Universitlt zu KOln (University of Cologne) 

After the retirement a few yean ago of Professor W. Herr as the head of the 
Institute of Nuclear Chemistry, no C4 professor bas been formally appointed. 
However, there is now an Abteilung Nuklearchemie (Nuklearchemie • Kernchemie + 
Radiochimie) at the Institute of Biochemistry with Professor G. StOcklin as scientif
ic leader; at the same time he is head of the Institut rar Nuclearchemie at the 
large Kernforschungsanlage (KFA) Julich. Thus the •Abteilung (Department) 
Nuklearchemie• has 1 C4 professor •on leave of absence .to KEA Julich: 1 senior 
staff member. 2 technicians, and several grad\la, students. While the research in
terests during the time of Professor Herr were much directed towards isotopes and 
radiation applications in geo- and cosmochemistry, and radiation effects on 
materials, the interest is now directed towards nuclear chemistry applications in 
the life sciences field. 

The Nuklearchemie postgraduate option leading to Diploma ( 1  year after a B.S.). 
or DissertatiOIJ, contains the following courses: 

o Basic lectures (2 hours/week for 2 semesters) 
o Special lectures (for nuclear chemistry majors) 

Chemistry of the radioelements ( 1  hour/week, 1 semester) 
Chemical aspects of nuclear, energy technology ( 1  hour/week, 1 semester) 
Radionuclide techniques applied to chemistry and life sciences 
( 1  hour/week, 1 semester) 

o Experimental course in radiochemistry (full time for 1 semester; 
see Table 6 for content) 

o Experimental course in radiochemistry for advanced students (for nuclear 
chemistry majors) (full time for 2 weeks) 

o Tutorial exercises (seminan) 

The number of students taking these courses is shown in Table 7. The numbers 
for Cologne are said to be rather stable and seem to be independent of political 
fluctuations. 

8 .2.S Universitlt Karlsruhe 

The Institute of Radiochemistry is headed by Professor H.-J. Ache. It is an 
integral part of the large Kernforschungszentrum (KFZ) Karlsruhe. The research is 
directed towards analytical uses of nuclear techniques, and areas of importance for 
KFZ. The following program is offered for the M.S. or Ph.D. in the course on Instru
mental Analysis and Radiochemistry: 

o Introduction to nuclear chemistry (2 hours/week, 1 semester for 
undergraduate and graduate studies; about 3S students/year) 
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o Special topics ( 1  hour/week, 2 semesters), e.g., chemistry of nuclear 
fuel cycle, transuranium elements, radioisotopes in life sciences, etc. 

o Introductory laboratory course (3 full weeks; offered 4 times per year) 
o Advanced laboratory course in instrumental analysis (3 or 6 full weeks; 

offered twice a year) 
o Lectures in instrumental analysis (2 hours/week, 1 semester; for 

undergraduate and graduate students) 
o Colloquium in instrumental analysis and radiochemistry ( 1 .S hours/week, 

each semester). 

8.2.6 Technische Universidt MOnchen 

The lnstitut fOr Radiochemie der Technischen Universidt MOnchen at 
Garching is headed by Professor F. BaumgArtner with the assistance of Professors 
Heusinger, Lux, and Kim. The Institute is affiliated with the faculty of chemistry, 
biology, and geosciences and is responsible for research and teaching in 
radiochemistry, nuclear, and radiation chemistry. It offers Master's (Diploma) and 
Ph.D. degrees for students in chemistry and physics. The doctorate work requires, 
on the average, three years after the completion of the diploma courses, altogether 
S-6 years. Each year 3-4 students finish their dissertation work. 

In the course Instrumental Analysis of Elements and Chemical Structure (one 
semester with lectures and practicum), which is compulsory for all chemistry 
students, nuclear methods of analysis and analysis of nuclear materials are included 
(2 weeks). Over 70 students take this course each semester. 

Special (elected) courses are offered to advanced students of chemistry and 
physics. The teaching comprises a wide variety of subjects: 

Introduction to Nuclear Chemistry and Radiochemistry 
Introduction to Radiation Chemistry 
Chemistry of Nuclear Fuel Cycle 
Chemical Reactions of Ionizing Radiations 
Chemistry of Radionuclides in Nature 
Chemistry of Actinides 
Nuclear Methods of Radiation Detection 
Technical Chemistry of Nuclear Waste Treatment 
Nuclear Methods of Analysis 
Modern Instrumental Analysis: Element and Surface Analysis 

Four subjects are in cycle in each semester. There are I S-20 students attend
ing each course. Depending on the subjects chosen, the chemistry student may add a 
radiochemistry laboratory course; there are three different kinds of basic training 
in handling radioactivity. Each practicum lasts 2-4 weeks, with subsequent comple
tion of a written report. On the average, 40 students per year take these practical 
courses. 

The institute members are composed of 4 professors, I of whom is chairman and 
director (F. BaumgArtner), I academic manager, 3 guest lecturers, about 3S scientif
ic staff members, about 30 technical personnel, and about 10 other supporting 
personnel. 
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The major research area of the institute are: 

- Aerosol generation in nuclear technical processes 
- Thermodynamics and spectroscopy of actinides 
- Solution chemistry of TRU-elements in natural aquatic systems 
- Tritium and iodine chemistry in nature 
- Radiation chemistry in solid and liquid phases 
- Modern spectroscopic methods of analysis 
- Chemical speciation and detection of trace elements in nuclear 

technology, high purity science, and environmental science. 

The institute bas extensive research facilities: 

- 3 hot cells; o-tight, up to I ,000 Ci activity 
- Co-source: 70 kCi 
- Irradiation facilities at the reactor (4 MW power) 
- a-laboratories with over 30 glove boxes 
- �_,_laboratories 
- 4 separate counting rooms with 20 different o, �. 1 spectrometers 
- Modern instrumentation: SEM-EDX, TEM-EDX, AES, XPS, SIMS, 

HPIC, HPLC, TC-Analyzer, ICP-AES (2 x), MS-GC, ESR, IR/UV-Spec. 
(6x). 

8.2. 7 Darmstadt Technische Hocbschule and GSI 

The head of the Institute of Inorganic and Nuclear Chemistry at the TU is Pro
fessor K.H. Lieser. Teaching is by Professors Lieser, Munzel, and Blchmann. Annual
ly 12 different courses are offered (hours/week during 1 3  week semester): 

For chemistrv students: 

o Introduction to nuclear chemistry (3 hours/week) 
o Practical course ( I  full week, 10  times per year) 
o Nuclear fuel cycle (2 hours/week) 
o Radioanalytical chemistry (2 hours/week) 
o Radiation chemistry (2 hours/week) 

For non-chemistry students: 

- Practical courses ( 1  full week, twice a year) 
- Application of nuclear chemistry techniques (2 hours/week) 

Advanced coupes: 

o Advanced practical course (4 full weeks, twice a year) 
o 3 seminars on various topics (2 hours/week, twice a year) 
o Seminars in inorganic and nuclear chemistry 

The main topics of the practical courses are Radioactivity in Nature, Radioac
tive Decay, Nuclear Reactions, Applications in Analytical Chemistry, and Applica
tions in Kinetics. The main topics of the advanced practical courses are Activity 
and Counting Rate, Measurement of Low-energy Beta-emitters, Low-level Radioactivity, 
Gamma Spectrometry, and Radiochemical Separations. 
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The research activities in nuclear chemistry are chemistry of radioelements, 
chemistry of radionuclides in the nuclear fuel cycle, chemistry of radionuclides in 
the hydrosphere and the geosphere, radioanalytical chemistry (mainly neutron activa
tion analysis), tritium in nuclear fuel elements, corrosion of zirconium, low-level 
radioactivity in the environment, and measurement of small amounts of actinides in 
nature. 

Darmstadt is the center for the Gesellschaft ftlr Schwerionen Forschung 
(Society for Heavy Jon Research), the main instrument being the large heavy ion 
linear accelerator (UNILAC) by which several of the heaviest nuclides have been 
synthesized. 

8.2.8 University of Freiburg 

There is an Abteilung Radiochemie, headed by Professor Horst Muller, at the 
lnstitut ftlr Anorganische und Analytische Chemie. Of the 80 or so students who 
take courses at the Institute, 20-30 take Radiochemie, 2 hours/week for 1 1  (summer) 
or 1 4  (winter) weeks. The courses are offered twice per 3 years. There is no 
experimental course. 

8.3 The United Kjngdom 

Although the U.K. has a substantial nuclear power program (see Table 3) 
teaching in nuclear and radiochemistry is minimal (at least formally). This is 
because the subject is integrated in the •main topics• at the teacher's choice, 
i.e., chemistry or the radioelements in inorganic chemistry' isotope separation in 
statistical mechanics in physical (or theoretical) chemistry, etc. For example, 
research and some teaching in nuclear chemistry is conducted at the Department or 
Inorganic Chemistry (Professor A. Maddock) at Cambridge University. In general 
there are only four kinds or professors at the university: Physical, Organic, 
Inorganic, and Theoretical; there are no professors of Nuclear or Radiochemistry. 
At the Technical Universities (Colleges), courses are sometimes given in 
radiochemistry, commonly oriented towards applications in hospitals or industry. 
The Isotope School at the Atomic Energy Research Establishment (AERE) at Harwell is 
now closed. (A prominent professor or chemistry recently stated, •Nuclear chemistry 
in the U.K. is dead!•) 

Research is conducted at several places: 

I )  At the Scottish Universities Reactor Center in Glasgow about 20 scientists are 
involved in applied radiochemical problems. 
2) The Imperial College Reactor Centre at Ascot has about 12 scientists mainly 
engaged in activation analysis, but the Nuclear Technology Group has disappeared. 
3) The Manchester and 4) Salford Universities use both the Universities' Research 
Reactor at Risley and the Synchrotron at Daresbury Laboratory for nuclear and radia
tion chemistry research (S people). 
S) At the University or Wales at Cardiff a small group is engaged in nuclear waste 
studies (speciation, solubilities, etc.). 

In addition to this should be pointed out the use or dating techniques at earth 
science departments, or radioanalytical techniques at environmental departments, and 
or radiotracer techniques at biochemical departments. 
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Outside the univenities, radiochemical work is done at AERE laboratories at 
Harwell, Dounreay, Sellafield, etc., at the Ministry of Environment laboratories 
(waste studies), and at the National Radioloaical Protection Board Laboratory at 
Didcot. 

The number of nuclear and radiochemistry scientists presently employed in the 
U.K. is estimated to be about 400. The teachina demand is estimated at 40-SO 
persons/annually, correspondina to an actual annual job demand for about I S  trained 
nuclear and radiochemists. 

8.4 The Scandinayjan Countries 

The Scandinavian countries of Sweden, Finland, Norway, Denmark, and Iceland 
form a cultural and linauistic unity, if one includes the larae Swedish-speakina 
population in Finland. They have a joint population of 23 million people. 

They also form an interestina aroup from the eneray resource viewpoint. Ice
land (0.2 million people) has larae aeothermal and water power resources, and Norway 
(4. 1 million people) larae water power and oil resources. Thus neither needs nucle-
ar eneray. Sweden (8.4 million people) and Finland (4.8 million people) have larae 
water power resources, although insufficient for their industry, and thus have a 
nuclear power industry. Denmark (S.2 million people) has no eneray resources at all 
but has decided not to build any nuclear power plants, using instead imported coal 
or imported electricity. 

8.4. 1 Sweden 

Nuclear power comprises 1 2  600- to 1 ,000-MW reacton (9 BWR, 3 PWR) located at 
4 different sites, with a total installed power of 9.S GW. This provides > SO% of 
Swedish electricity consumption. The electricity price is the lowest in the world 
next to those of Norway and Canada, about 0.30 SEK/kWh; about 0.02 SEK is reserved 
for a fund for coverina all expenses of the back end of the nuclear fuel cycle. In 
1980 it was decided by the Parliament, after a referendum, that nuclear eneray 
should be phased out at the latest in the year 20 I 0. It has not yet been decided 
what shall replace it. (SEK • Swedish equivalent crowns; I U.S. S • 6 SEK.) 

Sweden has five classical and five technoloaical univenities. Chain in nucle-
ar chemistry were established at the technological univenities in Stockholm (K TH) 
and GOteborg (CTH) in 1962/63. A few yean later a chair in nuclear chemistry IDd. 
nuclear physics was established in Uppsala (though located at Studsvik, see below), 
and an associate professonhip in nuclear chemistry at Stockholm Univenity (now 
defunct). The chain in nuclear-related subjects are now beina critically reviewed, 
as the professon approach pension age. So far, it has only been decided to renew 
the chain of reactor safety in Stockholm and nuclear chemistry in Gothenburg. At 
the time of writing it is believed that most of the chain will be renewed, among 
them nuclear chemistry in Uppsala and at KTH in Stockholm. By 1989-9 1 a completely 
•new set• of nuclear professon will have taken over. 

A complete picture of all auclear teachlaa in Sweden is presented in Table 
8. These courses are offered at the univenities for teachen and researchen, at 
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the technical univenities for engineen, at  the univenity hospitals for medical 
students and for nunes, and by nonacademic organizations for nuclear power plant 
operaton and shift penonnel. 

There are presently only two full-scale conventional •Nuclear Chemistry 
Departments• (institutions) in Sweden: the technological univenities in Stockholm 
(KTH; Professor T. Westermark) and Gothenburg (CTH; Professor J. Rydberg). These 
-departments are described in Tables 9A and 9B. The courses are also open to students 
at the (classical) univenities in Stockholm (SU) and Gothenburg (GU). The situation 
at Uppsala/Studsvik is special (see above and below). 

Figure 6 illustrates the number of students taking nuclear chemistry in Gothen
burg since 1964; these courses are all in the 3rd (GU) to 4th (CTH) year. The down
ward trend began at a time when criticism against nuclear energy became more 
intensive. The upward trend after 1 980-82 could be explained by the start a few 
yean earlier of a very small compulsory latroductloa to Nuclear Chemistry 
course for the fint-year students (6 houn in the Inorganic Chemistry lecture 
coune). If this is the true explanation, then the qualification of the teacher giv-
ing this introduction coune is of utmost importance (cf. Section 10)! 

The Studsvik Energy Technology Center (former The Atomic Energy Co.) has shift
ed research activities away from nuclear energy towards energy problems in general. 
Still, the nuclear research resources are good, a SO MW research reactor, V dG 
accelerator, etc. These are used by the National Neutron Research Laboratory 
(reorganized in 1 986) and the Department of Neutron Research of the Uppsala Universi
ty (Head of both: Professor G. Rudstam). The nuclear chemistry/physics group of the 
department comprises 4 senior scientists, 3 graduate students, and 3 technicians. 
The two laboratories have a total of 3 1  penonnel. The nuclear chemistry research 
activities are directed towards high energy nuclear reactions using ISOLDE and 
OSIRIS separation and identification techniques. Research is also conducted on radi
ation chemistry. Teaching is in a state of organization. 

8.4.2 Finland 

About one-third of the electricity in Finland is produced by nuclear power. 
Two of the plants were built by the Swedish company ASEA-Atom (now 
ASEA-Brown-Bovery) and two are of Russian design (PWR-type with Finnish 
improvements). The public attitude towards nuclear energy seems to be a slight fa
voring of nuclear energy. However, expansion plans have been shelved. 

The Univenity of Helsinki has a Department of Radiochemistry. The number of 
graduate students is 10- I S. Main research interests are in the field of applica-
tions in the life sciences and on nuclear waste disposal. The previous head, Profes
sor J. Miettinen, is now retiring; the appointment procedure for his successor has 
commenced. 

8.4.3 Norway 

Norway has large domestic gas and oil resources (the North Sea and 
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Continental ShelO and extensive water power. Plans have been made for introducing 
nuclear power, but it is not considered to be needed at the present. The electrici-
ty consumption per capita in Norway ( 1 S.6 MWh/cap) is the largest in the world, and 
also the cheapest; electricity is the main source of domestic heating. 
Nevertheless, there is a Department of Nuclear Chemistry at the Oslo University. 
Nuclear chemistry research was introduced in Norway in 19 13  by Ellen Gleditsch 
(Professor in 1 929), a student of Marie Curie. In 1 9SO Alexis Pappas became profes
sor of nuclear chemistry, but was replaced (after retirement) in 1 986 by J.O. 
Liljenzin. 

Almost all chemistry at the university level in Norway is taught at Oslo 
University, as it is also for students majoring in other fields like medicine and 
veterinary medicine. Graduate studies leading to Cand. Mag. take 3.S yean, and to 
Cand. Sci. (or M.S. in Chemical Engineering), S yean. The Dr. Scientist (Ph.D.) is 
obtained after >7 yean. A higher degree is the Dr. Philosophy (about equal to 
Docent). Courses and the number of students are given below: 

I&Dl Name of course Coupe hours Students 

203 Environmental Chemistry (6 h on radioactive 
and nuclear energy) 

2SO Radiochemistry 3 lee, I S  ex ( 1  sem.) 7S lab 1 0  
2S l Nuclear Chemistry, Higher 

Course I (nuclear properties 
cl spectroscopy) 20 lee, 10 ex (half sem.) 4 

339 Solvent Extraction and Ion 
Exchange 30 lee 

3SS Radioactivity and Nuclear 
Reactions, Higher Course II 32 lee, I S  ex (half sem.) 4 

3S6 Radiation Hygiene (radiation 
properties, biological 
effects, protection) I S  lee, I S  ex s 

Nuclear chemistry for medical students (2 weeks) I SO 

A special course in radiotracer applications is given twice a year (3 full days plus 
examination); participants (maximum 8 per course) are from industry, hospitals, 
pharmacies, etc. Research activities are focused on nuclear structure, short-lived 
fission products, and applied aspects. 

8.4.4 Denmark 

Denmark lacks domestic energy resources. Electricity is produced in coal-fired 
plants or is imported. Domestic heating is achieved by oil, coal, or electricity. 
Althoush detailed plans have been made for introducing nuclear energy, public opin
ion seems to be strongly anti-nuclear. Political parties have requested that Sweden 
close down a nuclear plant that is located only 30 km (20 miles) from the capital, 
Copenhagen. 

No formal teaching in nuclear chemistry occurs, but graduate work in nuclear 
chemistry can be carried out at the research station at RisO, where two research 
reactors are located. 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


102 

8.S Belaium 

From Table 3 it can be seen that Belaium is a comparatively •nuclear power 
intensive• country. Historically Belaium was the world's laraest uranium producer 
for decades, the uranium beina mined in the Bel&ian Conao (now Zaire); the uranium 
ore was shipped to Belaium and purified at the Metalluraie Hoboken. Belaium has a 
larae number of nuclear institutions, amona them a reprocessin& plant at Mol (Geel), 
which also is a center for nuclear waste research. 

Althouah discussions have been carried out about a national center for nuclear 
education, presently nuclear chemistry is included as part of other univenity coun
es in chemistry (inoraanic, analytical, etc.). Professor J. Hoste at the Institute 
for Nuclear Science at the Rijksuniveniteit te Ghent (Ghent State Univenity) of
fen the followina courses: 

1 .  Nuclear instrumentation and statistics 
2. Radioprotection 
3. Sources of elementary particles 
4. Structure and nuclear reactions 
S. Radiation chemistry 
6. Radiochemical analysis 
7. Activation analysis 
8.  Analysis via prompt reaction products 
9. Separation methods 

1 0. Actinides 
1 1 . Fission and fuel cycle 
1 2. Preparation of radioisotopes 
1 3. Datina, radioaeo- and cosmochemistry 
1 4. Computer applications and in the future 
1 S. Radiopharmacy and radioimmunoassay 
16. Positron tomoaraphy 
1 7. Envil'Onmental measurements 

1 0  
8 

1 0 
s 

1 2  
s 
8 
4 
4 

1 0  
1 0  
1 0 
1 0  
s 

The whole proaram amounts to about half a day per week over a whole year. At 
present there are 3-4 araduate students in nuclear chemistry. The main areas of 
interest are analytical and medical applications. 

9. SUMMARY OF THE EUROPEAN SCENE 

Nuclear chemistry (under various names) is beina tauaht in 24 countries in 
Europe, almost exclusively on the araduate level. In general, the courses are rath
er similar, although the emphasis shifts somewhat. Institutes of Nuclear Chemistry 
exist only in countries with an extensive nuclear eneray proaram, althouah not in 
all. These institutes are usually located on or close to a univenity campus, al-
though they may not be funded by the univenity (Ministry of Education). Such fund
ina is never enouah to cover research; arants are obtained from research councils or 
industry. 

There seems to be a trend away from •Professon of Nuclear Chemistry•, partly 
due to the fact that •specialized chain• are no lonaer established (see 
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Section 1 0.2). However, teachina is still conducted simply because there is a 
demand for formally trained nuclear chemists. Also, the students seem to continue 
to be reasonably attracted to araduate work in nuclear chemistry. 

10. A STRATEGY FOR THE FUTURE• 

10. 1 Public Ooinion on Nuclear Scjence and Technolosy 

The public's opinion on nuclear eneray is closely related to its confidence in 
the various institutions of society. In a poll carried out in a number of countries 
by the French news mapzine L'Express, the public was asked in which institution 
(aovemment, parliament, courts, police, army, church, school, news media, larae 
companies, and small business aroups) they had the hiahest confidence (for tellina 
the truth, defendina their riahts, and opposina excess power). The replies were as 
follows (+ % confidence, - % distrust): 

� France }Y, O�DDIDY ll..K.... SDaiA 
Police +76 School +68 School +6S Army +63 School +24 
Supr.court +73 Police +4S Governm. +6 1 Police +60 Govemm. - s 
Army +73 Governm. +37 Police +60 Business +2 1 News media- S 

News media+39 News media- 1 News media- 1 8  News media-22 Parliam. -3 1 

It is interestina to note that the institutions of physical power (Police, Army, and 
Court) are met with the hiahest confidence in the U.S., and also enjoy relatively 
hi&h confidence in the other countries, but not in Spain. The schools receive very 
hi&h confidence in all countries ( +6S% also in the U.S.); in Spain the schools are 
the sm1v institution met with trust. The news media inspires low confidence in all 
countries except the U.S. (+39%). The Government is generally more believed than 
memben of the Parliament, the relative figures for the latter being +67, +23, +28, 
+6 (U.K.) and -3 1 ,  respectively. The great confidence in politicians in the U.S. is 
quite interesting, and the distrust in Spain perhaps undentandable. 

In a poll in Sweden in 1987, people were questioned: Which group do you think 
aives the most correct information on nuclear energy? The replies were 70% for 
scientists, 4S% for environmental groups, 30% for the authorities and for the nucle
ar industry, and about I S% for journalists. 

Several yean ago an investigation in Sweden showed that people aot their opin
ion on nuclear energy mainly from the news media. This is probably the same for all 
countries in Europe even today. Television, especially, has a large impact on pub
lic opinion. We thus see that the group that is least believed has the largest 
public influence. This may not be a surprise. The situation is typical for our 
democratic society. Maybe this situation fint developed in the U.S.-Oscar Wilde 
said, "In America the President reigns, but the journalists have the power: 

• The author's penonal opinion. 
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Because the news media are-or, at  least appear to be-opposed to nuclear power, 
the public becomes anti-nuclear. In a recent investiption in Sweden (J. West-
erstihl and F. Johansson), 70%-80% of researchers at science faculties were found to 
be receptive to a continuation/expansion of nuclear eneray, while at the same time 
the public believed that the majority of these scientists were apinst nuclear 
eneray. The news media obviously deliver a false picture to the public. Why is it 
so? There may be two explanations: 

1 .  An analysis of all news material presented by the Swedish press or TV on 
nuclear power just after the TMI -accident revealed that for •news decided by the 
media• (i.e., by the journalists), the anti-nuclear material dominated, while •news 
decided by the actor• (e.a .• official statements, personal comments, etc.) mainly 
was pro-nuclear; takina both aroups toaether, the anti-nuclear material stronaly 
dominated. About 10  years aao it was said that 60% of the teachers at the Schools of 
Journalism in Sweden voted for the communist party, compared to only 4% for the 
whole population. Yet newspapers in Sweden are mainly •conservative• (political 
color of owner), while the State TV Monopoly is supposed to be non-political. 

2. Even if the •news media• as such are not anti-nuclear, I believe they 
appear so to the public because of the laraer amount of anti-nuclear material 
published. This may well be due to the intense activities of the anti-nuclear 
aroups, throuah demonstrations, violent activities aaainst nuclear installations, 
upsettina public statements, etc. This could well be part of a clever scheme of 
these aroups, who know how to aet public attention, because these demonstrations 
make excellent news on the TV screen•. Compare them with a lecture by a scientist 
on the benefits of nuclear eneray! 

Of course, the relation between the common man and the various institutions in 
the society differs amona different countries as well as between individuals. Maybe 
there is no common national denominator. Nevertheless, I believe that there are 
three levels on which one should act to improve the imaae of nuclear science: 

1 )  Most important is to provide factual information on nuclear eneray to and by 
the schools. Especially, scleace teachen at hl1h schools must become better 
laformed on benefits as well as risks. This information must cover alternative 
eneray sources. 

2) Nuclear scleace must be tau1ht at the uabenltles, otherwise there will 
be neither any expertise to teach hiah school teachers nor any expertise to judae 
nuclear activities in surroundina countries. Further, of course, the societal value 
of nuclear science must be preserved (as described in Section 7). 

3) The propoaeats of auclear scleace must become more public and especially 
try to reach out to the journalists to provide them with factual information. 

• These aroups may aenerally be termed anti-nuclear, because this is the common 
denominator, althouah they appear under a larae number of names such as Friends of 
the Earth, Union of Concerned Scientists, Greenpeace, The Environmental Party, Save 
ET (for EveryThina), etc. They all modestly refer to themselves as only beina con
cerned about savina the environment. 
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10.2 Professorships in Nuclev Cbemistrv 

The break-throuah of nuclev power after World Wv n led to the establishment 
of chairs ("professonhips") in nuclev science and technology at many univenities 
in Europe. Some teachina in nuclev science became compulsory at most science 
univenities. 

This occurred almost 40 yevs aao. and in the last decade many of these evly 
pioneen of nuclev chemistry have reached retirement aae. The question of replace
ment of these chairs has become acute at a time when political aroups (see footnote, 
previous paae) in the society make bia efforts to stop nuclev energy and related 
activities. As a consequence of this we see in some places a declinina interest 
among students for taking nuclev counes. In many countries anti-nuclev groups 
have "infiltrated" the educational system. from ministries to faculties, leading to 
an "administrative• resistance both to continuina counes in nuclev science and re
placing old •nuclev chairs. • 

A student elects a course for several reasons: to fill the study quota, either 
because it is easy (many points for little work). because of scientific curiosity. 
or because he believes he will need the knowledae in future resevch or a job, or 
because the teacher hu a aood reputatloa, or the course is prestiaious, etc. 
In this connection it is important that the counes in nuclev chemistry be aiven by 
(preferably full) professon. One of our concerns today is that the number of full 
professon teaching nuclev chemistry is declining, which may lead to a reduced num
ber of students takina nuclev chemistry counes, and-in the extension-cancellation 
of such counes. Therefore. the reaewal of profeuonhlps (chain) Ia auclear 
chemistry becomes aa lmportaat Issue from the •lewpolat of attractlaa studeats to 
the field. 

A professor represents the hiahest rank in a univenity. As such he also still 
has a fairly hiah status in society. For the public he not only represents science 
("the expe�) but also-to a larae extent-he is the most believable penon ("the 
truth"). according to public polls. Thus, it is important to nuclev chemistry 
that the subject is represented by a professor both for internal (univenity) and 
for external (authorities. society in aeneral) reasons. 

Some yevs ago a poll was cvried out in Sweden on the question, "What value is 
it to have a professonhip in nuclev technoloay?" The reply is aiven in Table 1 0. 
The response to professon in nuclev chemistry is more than satisfactory. If we 
find it important to renew professonhips in nuclev chemistry, we must analyze what 
the formal conditions for renewal are today, so that we can develop proper 
strategies. 

I 0.2. 1 The U.S. System 

While the renewal procedure varies between the European countries from more 
"traditional" to more "radical", there seems to be a slow chanae towvds a system 
similv to that in the United States. 

Usually the U.S. univenities have Schools of Chemistry. The all-academic Chem
istry Faculty decides the number of professon of all ranks within the economic 
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frame set by the univenity, and appoints (without appeal) a new Professor of Chemis
try with no specialization indicated. The Faculty decides if and by whom nuclear 
chemistry courses shall be given. Faculty are free to abandon any course they de
cide should not be offered, due to the retirement of a teacher or for other 
reasons. The new professor is completely free to choose whatever research field he 
wants to punue, because his research funding comes from resources outside the 
University. 

I 0.2.2 The Traditional European System 

On the recommendation of the Chemistry Faculty, the Univenity suaaested to the 
Ministry of Education that a new chair should be established in a specific subject, 
e.a., in nuclear chemistry. If the Ministry decided accordinaly, which usually took 
2-3 yean, the chair was publicly announced as vacant with specified teaching and 
research responsibilities. A special evaluation committee (sometimes international) 
was then appointed to evaluate the applicants. On their advice, the Faculty recom
mended one penon to become the holder of the chair, after which the Ministry 
decided. Time was aiven for complaints and-if necessary-reevaluations. This whole 
procedure usually took 1 -2 yean. This very formal system was favored in the Scandi
navian countries, while in France the Faculty itself made the selection and 
appointment. 

The appointment was for the holder's life-time (retirement aae, 6S-70 yean), 
and the professor became head of a fairly independent Department or Institute (e.a., 
Department/Institute of Nuclear Chemistry). The professor had to teach and conduct 
research within the announced subject; some research fundina was provided by the 
Univenity. At retirement age the chair was "automatically" declared open for 
reappointment. 

I 0.2.3 The New European System 

The prewar university system survived in the non-communist countries until the 
student revolution in 1968. A number of chanaes have since then been made, both with 
reaard to appointment procedure and to internal responsibilities. When. a chair 
becomes vacant, the Faculty and Univenity must indicate to the Ministry why they 
want to reestablish the chair in the same field in preference to other chemistry 
fields. In Sweden, this suaaestion is sent out (by the Ministry) to Sector 
orpnizations, industry, etc. for comments (the Swedish "remittance" system). Then, 
on "the full picture, • the Ministry makes its decision. If renewed, the open chair 
is announced publicly. The applicants are then evaluated by experts (as before), 
but the Faculty now has a "democratic selection committee" (at some univenities), 
which includes laymen and representatives for the students and technical worken 
within the Faculty penonnel. 

I 0.2.4 Practical Consequences 

Whereas in the U.S. the appointment of a professor to teach nuclear chemistry 
is an all intrafaculty affair, in many European countries, sector as well as nonaca
demic organizations (representatives for the community, industry, and even unions) 
now have their voice. The reestablishment of a chair is also more scrutinized by 
Faculty than before. 
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Thus (i) it will be euier to replace a chair after the retirement of a professor 
with an established reputation, becabse the faculty confidence in him is likely to 
be reflected in a confidence in the chair and a need for teachina the subject; (ii) 
in renewina the chair it is important to point out the societal value (i.e., value 
for environment, health, or industry), because aroups with such interests have an 
influence on the renewal procedure; (iii) at univenities where the election commit
tee contains nonacademic people, it is important for the applicant to show societal 
and social qualities in addition to a good scientific reputation. 

These are important chanaes from the traditional system, in which the only 
important qualities were scientific. These aspects, with due modification for 
national differences, must be remembered in strateaies for renewal of profeaonhips 
in nuclear chemistry. 

I 0.3 Definjtjon of •Nuclgr Qcmjstrv" 

In the book •Radioactivit6•, published in 19 10  and in a second edition in 
1934, Marie Curie describes all physical and chemical studies related to the ndioac
tive elements, including everythina known about the nucleus. The term 
•ndiochemistry- was introduced around 193S in analoay to •photochemistry•, but 
sometimes used with the meaning •radiation chemistry-. In 1 946 Irene Joliot-Curie 
published the book •u Chimie des Radioelements Naturets•, while her successor, M. 
Haissinsky, in l 9S7 wrote the textbook •u Chimie Nucleair et ses Applications•. 

In l 93S Otto Hahn published the book • Applied Radiochemistry-, but two yean 
' later when Frederick Joliot was appointed professor at ColJeae de France, he bad his 
chair named •Chimie Nucleaire•. 

It may suffice to say that many of these books covered almost the same areas of 
knowledge, independent of whether it wu labeled •ndiochemistry• or •nuclear 
chemistry-. In Table 1 2, contents of more recent texts in •nuclear chemistry- are 
presented; the contents are summarized in Table 1 1 . In more recent books there 
seems to be a trend to include chemical upects of nuclear power. 

In a survey of the Nobel Prizes awarded to nuclear scientists, it is interest
ing to see that about one-half have aone to chemists (see Table 1 3). It may not be 
unfair to label these scientists u •nuclear chemists.• 

The purpose of this exercise is to show the fleetina use of the terms radiochem
istry and nuclear chemistry.• Thus the field described in this paper may be la
belJed either. 

10.4 Nuclear Qcmistrv: a DjscjpUnc or Soecjalty? 

From discussions with European colJeagues, there seem to be two opinions about 
the content and name of the field we have here discussed under the label nuclear 

•ne French and German lanauaaes have two words for nuclear (nucleaire et noyau, and 
nuklear und kern), which can be defined differently if desired. 
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chemistry. According to one school, •nuclear chemist� and •radiochemis� are 
two different areas, auclear che•lstry dealing with nuclear reactions and 
radloche•lstry dealing with radioisotopes. Isotope che•lstry and 
radladoa che•lstry are left outside, according to the proponents of this 
division, who usually label themselves •radiochemists•. ne •nuclear reaction 
chemists• (the only •true• nuclear chemists) seem to think the same: isotope chemis
try and radiation chemistry are outside their field. If we look at the textbooks in 
nuclear chemistry, or radiochemistry, we find, however, that both isotope and radia
tion chemistry are often included. 

One may state that each one of the areas mentioned is a specialty; as such they 
are part of larger subjects. nis may lead to the following equivalences: 

1 .  Isotope separation and effects is 
2. Nuclear reaction chemistry is 
3. Radiochemistry is 
4. Actinide chemistry is 
S. Radiation and hot atom chemistry is 
6. Chemistry of nuclear fuel cycle is 

-Physical chemistry 
-Nuclear physics 
- A  technique 
- Inorganic chemistry 
- Physical chemistry 
-Chemical engineering 

In this manner, only radiochemistry survives as an independent subject, but 
is-as many of us certainly have heard from colleagues in other fields of chemis
try-only a technique. ne chance that a technique shall be able to survive as an 
independent discipline is small. It is more likely that the specialty will be swal
lowed up by a larger discipline-this has also occurred! 

One can look at this from another point, stating that the auclear speciali
ties toaether fona a dlsclpllae Ia Its owa rlaht. I believe it is important-if 
we want to keep this as an independent Revjer-that we include all the specialities, 
without regard for the name (see next Section). nis can be supported-if one so 
wants-with reference both to Nobel Prize winnen and to current textbooks. 

1 O.S The •Name Problem• 

At the meeting in Munich in September 1987 arranged by IAEA on "Training re
quirements in modern aspects of radiochemistry•, professon in nuclear and radio
chemistry from seven countries briefly discussed the name of the field but could not 
reach an agreement on how to define it. Because the teaching and research activi-
ties partly overlapped each other, it was decided to refer to all the different 
subjects under the heading Nuclear aad Radloche•lstry. 

One may question if there really is a •name problem•? 

To the embarrassment of many of us, the world •nuclear• is being dropped even 
in its most positive connections: e.g., when nuclear magnetic resonance tomography 
now is being introduced in hospitals, it is referred to only as •magnetic resonance 
tomography•. No doubt the word •nuclear- has obtained a bad sound, as has •atom,• 
as shown by the recent newspaper headline "TT shipping company refuses to transport 
atomic wastes•. This problem may be worth analyzing. Can •nuclear and 
radio-chemistry• be replaced by one single covering name without any stigma? Can a 
consensus be reached on this issue? 
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•Nuclear and radiochemistry• (suggested by G. Friedlander in 19SS) is a conjunc
tion of nuclear chemistry and radiochemistry. The term is difficult to explain to 
the layman, the student, and even sometimes to faculty. Nowadays •nuclear 
chemistry• and •radiochemistry• are used by many people to cover almost identical 
areas, in textbooks as well as for professorship chairs. 

An indication of the name difficulty comes from the following example: the 
1 952 Nobel Prize in chemistry was awarded for •discoveries in the chemistry of the 
transuranium elements•. This involved the synthesis of the elements through nuclear 
reactions, studies of their physical and chemical properties at trace 
concentrations, sometimes in solutions, which continually changed due to the intense 
radiation field from the actinides and fission products present. These studies were 
of essential importance to the practical use of nuclear eneray, and all the various 
•areas• still enpge •nuclear chemists• today. The content of the award work could 
probably best be covered by the term •nuclear and radiochemistry•. 

The interest in the field has changed with time: before World War II it focused 
on natural radioactivity and a beginning use of radiochemical tracers. Just after 
World War n interest focused on actinide elements, their nuclear synthesis and 
properties, and later on studies of yields and properties of nuclides produced 
through high-eneray reactions, while at present interest is shifting away from nucle
ar reactions to applications for a sensitive analytical technique (NAA, JAR, PIXE, 
etc.), medical applications (radiopharmaceutical scanning, PET, etc.), and nuclear 
waste management. From the National Research Council's panel reports it is seen 
that the discipline now encompasses a hiah number of areas of considerable impor
tance to society. 

This shift in interest away from nuclear reactions (•nuclear chemistry•) has 
led to the •nuclear• part in •nuclear and radiochemistry• being dropped, the name 
•radiochemistry- being retained for the university chair (professorship). Such a 
change of name (from nuclear chemistry to radiochemistry) has already occurred, 
e.g., at the universities in Paris (Orsay) and Cologne. 

A chanae of the name of the chair/professorship/department/etc. from nuclear 
chemistry, or nuclear and radiochemistry, to only radiochemistry will have effects 
(for loaical reasons) on the curricula offered. Thus nuclear structure and nuclear 
reactions will be de-emphasized while the production, properties, and use of radio
chemicals aet increasing attention. Isotope effects and separation may be excluded 
from the curriculum, but some of these aspects should be retained in dealing with 
the nuclear fuel cycle. Radiation health aspects become of greater importance, 
which may lead to an increased interest in the underlying radiation chemical 
effects. 
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Such changes will not be difficult to adjust to. Overall, the very fundamental 
aspects on radioactive decay, the interaction of radiation with matter, and its de
tection must be strongly emphasized so that the students graduating from the course 
have sufficient knowledge to safely, accurately, and successfully use radioisotopes 
and radiation in nuclear medicine, geochemistry, the nuclear fuel cycle, environmen
tal studies, and other fields of importance to the society. 

I I . CONCLUDING REMARKS 

This report has been written fairly rapidly and the material covers a large 
field. Only a few countries have been reviewed and those not very comprehensively. 
There may be errors or misunderstanding in the text. Further, the language has not 
been corrected. The author asks the reader to forgive him all these limitations. 
Also, many personal viewpoints are expressed, which serve as •explanations• to the 
present situation and as discussion background for possible actions. 

It is hoped that the information shall be useful and shall further research and 
training in nuclear chemistry. The author thanks all colleagues who so kindly of
fered their time trying to explain the special conditions in their countries. 
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Appendix 
Explanation and Use of Terms 

Althouah the academic hierarchy is ancient and well established, the 
terminoloay used to describe this varies extensively between countries, often 
leadina to considerable confusion in international discussions of these matters. 
Thus in this Appendix an attempt is made to explain some of these terms and their 
common international translations in an hierarchical order to simplify 
understandina; the boldface words are those which are primarily used in that sense 
in the main text, even if this does not always agree with U.S. custom. 

(Federal) GoYerameat 

(Federal) Department 

Mlalstry 

Ualnnlty (classical) 

Teehaoloaleal UalYenlty 

Faculty 

School 

lastltute 

Department 

Headed by a President or Prime Minister. 

Executive division of Federal Government, 
headed by a Mlalster (Bundes-Minister), or 
Secretary. 

Same as above, e.a., Ministry of Education; 
may have separate oraanizations for Basic 
(Primary and Secondary) Schools, High Schools 
(Gymnasium) and University; the Head of all 
Universities is called UalYenlty Chaaeellor. 

Higher teachina oraanization (private, state, 
or federal) incl . humanities and natural 
science, headed by a Rector, President, etc. 

Hiaher teachina organization in the 
technical field. Other terms are Inst. of 
Engineerina, Inst. of Technoloay, Technische 
Hochschule, Institut Polytechnique, Grand 
Ecole, Enaineering Univ., etc. 

A subdivision of a University; e.g. , Faculty 
of Sociology, Faculty of Science, Faculty of 
Engineering; Faculty is headed by a 
Chalrmaa or Dean; Faculty may be 
subdivided into Schools (Departments, 
Institutes, Abteiluna, etc.), e.a .• School of 
Physics, School of Chemistry, etc. 

Subdivision of Faculty, e.a., School of 
Chemistry, headed by a Deaa (Rector, 
etc.); School may be subdivided into 
Institutions (Departments, etc.) of individual 
subjects as, e.g., Analytical Chemistry, 
Molecular Physics, Nuclear Chemistry, and 
Reactor Engineering. 

Smallest academic subdivision dealing with a 
specialized field; sometimes called Department. 

Sometimes used for Institute; term to be 
avoided because of risk of misconception. 
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Profeuor 

Professonhlp 

B.S. 

M.S. 

Diploma 

Ph.D. 

D.Sci. 

D.Techn. 

Dozeat, Doceat 

Lecturer 

Semester 

1 12 

University teacher of highest rank, usually 
requiring a degree of Ph.D. or D.SCi. 
Associate Profeuor (Lecturer, Maitre, 
Docent, etc.) is a slightly lower university 
teaching rank. Asslstaat profeuor is a 
professor of lowest rank; may not have a 
Ph.D. and may not be head of an Institute 
(Department). 

The office (Institute, Department) headed by 
a professor; also called Chair. 

Bachelor of Scleaces (or B.A.,  Bachelor of 
Arts), lowest academic degree, requiring 3-4 
yean of undergraduate studies. The French 
Baccalaureat means High School Diploma. 

Master of Scleace, usually requiring a B.S. 
+ 1 more year, includes a Master's Thesis. 
At Eng. Univ. an engineering degree (Diploma) 
is awarded, e.g., M.S. Chem. Eng. 

Corresponds to Master's degree. 

Doctor of Phllosphy. Highest academic 
degree at classical university. Requires 4-S 
years of graduate studies (after a B.S.), 
incl. a Ph.D. Thesis, which is publicly 
defended. 

(i) Equivalent to above at science school 
of classical univ.,  or at techn. univ. (ii) At 
some univ. a degree granted to a Ph.D. after 
additional (commonly >S yean) scientific 
work; equivalent to (honorary-awarded without 
any requirements for teaching)• Docent. 

Doctor of Techaolo17; equiv. to Ph.D. at 
a techn. univ. 

See D.Sci. At some univ. an academic teacher 
(must have Ph.D. or equiv.). 

An academic teacher (Maitre), usually just 
below professor in rank (equiv. to associate 
professor). 

In Germany, 12- 1 3  weeks; 
in Sweden, 2 x 7 weeks + 2 x 1 weeks for 
examination. 
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Natloaal Research 
Fouadadoas (NRF) 

1 1 3 

These are •sector organizations•, i.e., they support 
research and development (RclD) only within a certain 
sector. Therefore they also sort under different 
Ministries. A typical example is the following (not 
related to any special country): fundamental research 
sorts under Ministry of Education, industrial research 
under Ministry of Industry, nuclear research either under 
Ministry of Industry, or of Energy, or of Defence, 
biological and medical research under Ministry of Health 
(and Welfare), environmental/pollution research under 
Ministry of Environment, etc. 
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TABlE 1 IlEA -uDIOEWEm - UDIATIOIS - UDIOCIIJIIISlJY• 
Par t s  - Oraor 

Chalrwan : Prot . 1. &Uiu.AIIOIT 

los lc course 

weltly : 

• welts lectwea 6h 
exerclces 6h 
pract IC&II 1 cloy 

Sclec lal courses 

weltly : 

9 welts lectwes • exerc lces 

g - l2tl 
Pf'CICt iC&II 1 cloy 

Training In 

lJ welts Laboratory 

and 
Conferences 

s�lsslon of repor t 

llfA.lB CIASIC autSE : ttne chaPters) - ChaPter ane 

I - WIQACJIYID. MDIOQIIIISm. MDI«! fJfiD 

1 .  ltadlaactlyltr 
1 . 1 .  T l.e-det�endeat prQCiflrt les Cdeeov -*•· decor probabi l i t ies . 

stat istics, growth and decor) 
1 .2. T l.e- lnclePefldent prapertles ( spher ical and defor.d nuc le i .  

lows of conserwt lon, decoY scbe.es, nuc lear svst.st lcs ) 

2, llodlOCfalStrY 
2.1.  Melghable and nan--elghable _,...ts of radioact ive .otter 

2.2. Pr inc iPles of radloc:lalcal .ethods 

J. llglloel_..ts 

:S.1.  llltwal and art ificial radloel...ats 

:S.2. IU: Ieor and ctalcal cboracter l sl lcs of radloel...at s  

...  Health PhYSICS 

-
-� 
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11AJ1 (IASIC COIJtSE) - ChaPter t.., 

I I  - MDIAJIOI. I!ETUTIOI cgl IWDJCTIM Cf WIMQ.IIJS 

1 .  lntcroctloo of rCidlatloo with •tter 
1 .1 .  Slowing cblo of charted partic les felectrCIIS, particles, heavy 

loos, enerw loss, rcmge, use or Tables) 

1 .2. Absorpt loo or PhOtCIIS f•ln wacesses, role ot z cn1 £)  
l . :S.  Slowing down or neutroos fcol l lsloo theorr, l oo  enerw 

decr_,.t , dl ffUIICII length) 

2. Qetcc:tiCIJ or rg:lw rCidlatln 

2.1.  &eneral princiPles or radlat iCIJ detectiCIJ 

2.2. TWPH or detcc:tors f iCIJizatiCIJ detectors, sc lnt l l lators, 

.. lconductors, neutroo detcc:tors J 
2.:s. Choice CIJd reapoose or detcc:tors for • ·  • . ., SPeCtroacoPW 

2.11. Reosur-.at llfacecb'e (effic iency, slanal CIJOhs l s )  

:S. Prod'�"tllll of £CidiOOUCIIcleS 
:S.1.  Cross sect am, react loo threshold, act lvat lm 

:S.2. k lw react iCIIS via cCIIIIPOOOCI nuc leus ( Induced by neutrCIIS 

CIJd charted part ic les 1 cross sect lm or c� nucleus 

ror.t loo) 

:s . :s. Principles types or accelerators CIJd reactors 

IIA..ll (IASJC CUSf) - ChaPter three 

I l l  - MIA ACQIIISITIOI 8 MIA ll!fADUJ 

1. lntc.,.tloo fut l l l zatloo ol II:A 1 cal lllrot loo cbanoel/enerw 

ldent l flcat loo ol radloel-.ts 1 background correctloo) 

2. Dlnls of • ·  e. , Cl1d X spectra (deconvolut iCIJ or ca.lex 

SPeCtra, resolutiCIJ, efficiency col lbrat iCIJ, corrcc:tiCIJ ter. : 

wllllbr, aelf-Ciblorpt iCIJ, - �s. Interference �s. solid  

-le, detectiCIJ l 181 t .  

:S. lntr.KtiCIJ to autwtlc trco-=ot In spectr•trx (� search. 
boctground IUbtractiCIJ, seoarot ICIJ or .. I Up lets, CIUDI I tat lve and 
QUOntl tat lve CIJOIJIIS) 

"· Data trcotwnt In •trCIJ octlvotlon (COOStCIJt or t ie-dependent 

f lux, cross sectiCIJ CIJd f ission rlelds calculation) 

fxerc lces on •lcroc:a.uters (sl .. l atlon) 

--
VI 
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IIA.JI CSP£CIM. COUISE : AI ChaPters) -
·

ChaPter one 

A) fiUCl.£M NW.YJIC& IEIJMIDS 

1 .  flethods based on ru:leor radiat ions 

1 .  General considerat ions an analyt ical 11t110ds 
2. Use of radioactive sources Cappl lcat lons of gauges, of 

POll trans) 

1 1 .  fUscel loneous llthods 

1 .  X-ror f luorescence CX-ray tubes. srnchrotron radiat ion, PillE) 

2. Activation cneutrons. chareed particles) 

J. lackiCatter lng 

11. Direct altsenot lon of ru:leor react ions and resonance react ions 

11tA..J1 CSI'ECIM. COUISE ) - ChaPter tMO 

I )  WIOCIIJUSIRY - ISQJCIE CltfJU$111 

1 .  q.lstrr CQ1 •UUl• at trw:cr scale 
1 .  Qual i tat ive and quant i tative radlochMical 11thods 

CoutoradlogrCIIIIW, ••watton and separat ion techniques) 

2. Qual itat ive and CIIDit l tatiW: ldent l f lcatlan 

2.1 .  Qual i tative COQUeOI•Isol ld and sol id/sol id systas, 

dlstr lbutl• llcbleen llhiiSes. react ion kinetics) 

2.2. Quant itat ive Cdlrc.tO!IrCJPhr, electrOPhoresi s, appl ica

t ions : control of radioact ive solutions. SPeC iat ion) 

:s.  lodlochMical _.at lons Cchra..togrCJPhr. solvent extract ion. 

dlst l l latlan, SPeCiation) 

11. Analyt ical radloc:hMistry ccontrol and cal ibrat ion. reaction 

kinet ics, lai i iRII and I sotOPe dl lut lan, distribut ion 

coeff ic ient, IUCCIISive extract ions) 

I I .  Aolllnls lpqpd M ll•tan of ISQtC!DCS 

1.  Analytical tedlnl_. usiRII •lxture of l sotooes C lal l lng. 

dl lut lan, l sot•lc •lxtures) 

2. Procecue ,.._..lel zat lan, 

equl l lbr hll, fl l latl•) 

valence crcle, ctw.lcal 

--0\ 
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I l l .  I!IIIWUW: IOU(CU 

1. SGurce character ist ics ••·  •· ,, •I 
2. Preparot lan of sources Cdlrect d!llos lt.  electrodePos l t lon. 

electrOSIWariRII. VOCUUI d!llosl t 

J. Cftolce of tedinlcaes vs abJectlw: 

IV. lsotw CftcctS CQI separation of ISOlQDCS 

1. lsotape effects (differences In llbnlcal and ct.e.lcal 

IIII'CIIICf'tles of ISOtOPic ca.ounc�S. or leln of l•tOPC effects. 

use of enr iched c..,., 

2. Defini t ion of separation ..,.k. sw (appl icat ion to uranl•. 

role In separat ion wacecM'e) 

J. lion-stat istical wacecb'es far IsotOPe enr lcr.ent : laser 

dalstry Crulber of stages , wacecb'e with atcas and 
•lecules) 

fl. Stat ist ical wacecb'es for IsotOPe enr lct.ent Cct.e.lcal 

exchange react ions. ul tracentr i fugation. tiOSCOUS di ffusion) 

llfA..JI CSPECIM. CUS£) - Chapter three 

C )  M:lliii!ES 

I .  fjciWollt In 

1. 1be actinide el..nts (POSition In the per iodic chart. ••n 

l •tOPU In •1118lle _...ts cn1 awal labl l l tr. OQdatlon 

state and Ions) 

2, Spt.at lc dalcal IIII'CIIICf't let Cat•lc IIII'CIIICf't iU. el-.ts. 

hal ides and oxlhal ldes. oxides. behovlour In OIIIJeOUS solu

tions) 

J. E lectronic IIII'CIIICf't iU Cconf leurat lon. te,. and state In 
var ious s.-etr lu) 

fl. Delacal lzatlon ot f electrons cetols. ..a.tcil l lc 

caeocnts. Ionic CGeQIIIds. •tccular unltU 

011. •lut lon : 

t,.,.,.._lc and structural data. redox POt•t lals and 
electrom.lstry Intens ity/POtent ial curw:s and 
radloPOIGrOif'CIIbY 1 IIWdrolysls cnl C'-ICXOt iCII 

Inorganic l ltiCIIIIS. cot Ions. organic l ltiCIIIIS , Eh/1111 
dloercas) 

1 .2.  Dlstr lllutiCII bet.en tMJ PhosU cwec lpl totlan 

oxolatea. fluor ides. peroxides. carbonate , l l.,ld-l l.,ld 

extract I on ' extract I on chra.toerCIIbY. lon exehaRIIe 

res ins. appl icat ion to ct.e.lcol separat i on )  

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

Tra in ing  Requ i rements  fo r  Chemis ts  in  Nuc lear  Med ic ine ,  Nuc lear  Indus t ry  and Re la ted  Areas :   Repor t  o f  a  Workshop
ht tp : / /www.nap.edu/ca ta log .php?record_ id=19117

http://www.nap.edu/catalog.php?record_id=19117


Chapter three c cant lnuecn 

2 .  ICIMt lCI 
2 . 1 .  &eneral cons lclerat lans C redDx react ions of act inides ) 

2.2.  leac t lons bet..,. lans of a .- el...at Cexc ludlna 

I SOtOPe exc:hange) 

CdiSPrOPOrt lanot lan of IIC IYJ . IICY J .  IICYU 1 

IIC I I I J  + IICYI J • IIC IYJ + IICYJ  
2.1.  leact lons bet..,. lans of di fferent el...ats 

2 .... leac t l ans  •Uh lanlc reagents : cat ions. anions 

2.5. leac t l ans  • l th other reagents : 'Y2• m.• �· �· . .  

1 1 1 .  SQectroscaplc DrQDC[tles or actlnlcles 
1. lecOrdlllll apt tcal and -t lc-GDt lcal SPeCtra I ff. fd and 

char• transfer sPeCtra , exper t-tal •thodS : absorPt t•. 

•tulan. z-. IICD. data anolrs l s J  

2 .  5rstc.tt c s  of absorPU• SPeCtra C ac t loldel I n  VW IGUS 

oxldllt l• states , � l san  sol id s�ate and solut t• , 

� •san • t th tat l ans J  

J.  Sllectroscaplc por.-ters c ued t ans .  deten�loot lan o f  Fk• + 
and 1q , trends of these par.-ters ) .  

' ·  IIPt lcal praper t les and anolrt lcal •thods at I• 
concentrat ions C f luorescence. theiWII lens ing. llhOtoocoust lc 

IIIICtroscapr. • l t tllhOton exc i tat i on )  

ChaPter three c cant llllld , 

IV.  a-cue ,..,..ua or act inides 
1 .  ExDerl .. tal •tbods Cprabl- SPeC i f ic to act inides : 

IIUf' l tr. r.alooct lvltv , -....et lc libel..,.. : -....et lc 

suscept lbl l l tr , neutron diffrac t i on  , Msslaler : brDerf lne 

lnteract lans. appl icat ion to 257..,, 
2. lesul ts and lnterpretat l• C locol l zed or/and I t inerant 

..... u •• •ta l s. al lors and SMl -eta l l lc c......as . lanlc 

�) 
1. OUt look 

-
-
00 
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1DJ1 C SPECIM. CUSf) - Chapter fOAJI 

0) MQIQflfi(IIS MD MDIAIIOIIS II OI!Q flf:tll$ 

I .  1101 Ail' QIJU$IIY MD CHEIUCN.. EffECT$ If IMIZIIi MDIAIIMS 

1 .  Hot ot!!l cbclllstrv f recol l enerw, effect on Ionizat ion, 

types of reco i l ,  POS i tonl&ll and appl icat ions) 

2. Cbr.81cal effects of loolzlna ra!llatlons 

2.1. EXPCrl.,.tal techniques uourccs , 6 , das l•try J 

-le preparat loo, analysis of ctw.lcal changes) 

2.2. EXPer l.,.tol results h - Irradiated ..ater and aqueous 

solut ions ) 

2.1. Interpretat ion f lndlrect effect. solvated electron. 

•lecular pr-.cu 

2.1f. Dcteflllnat loo of radlcolor and •leculor yields 

2.5. PrOPert ies of radlolyt lc free radicals fro. ..ater 

n�lc and kinet ic ) 

2.6. Inf luence of var ious para.eters on ' radlolys ls of aq. 
solutions C solute concentration. dasC rate. type and 
enerw of radiation) 

2.7. Rodlolysl s  of tronsuronl&ll el-.ats In ..ater 

2.1. Rodlolysl s  of solvents other than Mater 

2.9. RodlaiYs l s  In sol id state Hoole crystals. grCJPhl tes. 

pal_,-s) 

2.10.1elatlon with other f ields felectr�lstry. kinet ic. 

organic and Inorganic c�lstry, rod loblolotW. 

biogenes is. technalotW) 

Chapter (flAil f cont inued) 

I I .  IICI.Q61CAI. lf!MYIOIIl Qf MQUI] fiii!EIIS MD fi,Al.TH PIQ'SICS 
1 .  flethDdoiOIW C•tabol l •, transfer coeff ic ient, dose, dose 

ca.l �t .  relation close/effect, cnu�l lncorparat lon 1 1• u  
2 .  GrOll» 'N, 1'c, lal lad •lecules 

J. GrOll» f i ssion pr-.cts and act ivat ion 

If. GrOll» • •I tters - act inides 

I l l .  PIQQUCTICII Qf MDICIIJCI..IIIES Nit LMELW C«JJIIOII)S 
1 .  Product ion of radlonucl ldr:s C re«tor. accelerator. �bt lon 

of f lssl• Pl'oducta) 

2. Rodlonucl ldel IIIIICators 

:s. Preparot l• of tai led •lecules notal and partial  

synthes is, IsotOPe exchanle. la l l lnt with hetcroata.) 

IV. CJIEIIICN.. ASPECT$ If Ill. IID£M fU[L C\'Cl..f 
1. Fuel cyelc ot clectrgy:lcor rcac:tors f re«tor systas. 

nuclear fuel s  1 fuel cvcle : OPCn and closed cycles ; 

IIDOI'tont stCIIII In the cycle with �Is • the dalcol 

QSIJeCU) 
2. swm of a for ciMwlcal coatnecrlna steps In the fwl cyelc 

2.1.  Liquid-l iquid extract ion (princ iples. successive 

equi l ibr ia. co-current and counter-current 1 Rae CD md 
Thiele dloarcas. Dract lcal procecue) 

2.2. Dist i l lat ion C l lquld-VOPOUr equl l lbr l&ll. flash dlst l l lo

t I on, cal-.sJ 

2.1.  Chra.togr� on lon-cxc:hongc res ins (prapert les ot 

res ins. col.- separation) 

--\0 
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ChaPter four ccont lnued) 

J. Ore «occssloa CQI Dr'df'tiCII ot caoccotcqtc 
J . l .  Treament of •ea cu r ich and u POOr ora. leaching or 

dissolution : sui f. ac Id. a111anate 

J.2. Treament of the uraniferous solut ions c u.,ad-l l.,ld 

extraction : tertt•r •lnes. r. 1 ton exchange resins, 

reccwerr of u fr• IIIIOSIIhates )  

J.J.  Clttcot lon of t he  yel low cake 

' · Purification of u CIJd conmsloo to ICtal or to lf6 
C pur l f lcot lon of yel low cake. convers ion to If,. conversion 

If' ---t lf6 J obtent ion of U ICtoU 
5. ElefJocatlon of llf'lear fuels tor elcctrqouclcor rcac:tors 

11166 : urGtl&ll based al lows 

• : conversion lf6 -- � 1 •lxed fuels cu. Put � 
.=.. : •lxed fuels cu. Pu) 1 core. blC11ket 

6. flel CIDI'QCCSSIOA 

lltJectlve. pr inc iples. Purex process. elearat lon of cod 
prc81cts : u cnt � 
teeycl lng _, and solvent 

1. Treat�Cnt of effluents and WQStcs 

Effluents : vitrif ication for h llh SPeCific activ i ty 

SOl id 111111tes : Inc ineration. OIU!GUS deeontCIIInot lon 

I. Eltcod!:d CCIM'QCCSSIDII 

5eporat loo of 0( •I uers and FP 1 separat ion act inides 

IGtthanldr:s 

ChaPter fa« lcont lnuedt 

IY. MllfASJ[S AMI MDUJ! fUJS II DIE 6E0SP11E1£ 

1. liiiiiW 
Or leln and radl.,.lcal ca.�Qsl t lon 1 c lassif icat ion vs 

storage J ICthDds of lncorparat ton : concrete. bl t&llefl. 

PGI!III«s. elasses 

2. lllntlon 

Leaching J Kcs-lcl 1 SPeC ies encountered In var ious ICCIIa 

Eh-PII dlogrcas. carbonates. natural organic acidS. col loids 

J. StorCI!I! SltCJ 

Surface storage. geological storage. sea-bed. subsea-bed 
-N 0 
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1 2 1  

TABLE 2 UNIVERSITY TRAINED PEOPLE IN SWEDISH NUCLEAR SCIENCE 
AND INDUSTRY 

Number Ann. Replac. TPh M E Ch 

I .  Nuclear manuf. industry8 300 I S-30 30 30 20 20 

2. Nuclear power companiesb 260 < 1 0  30 30 2S 20 

3. Nuclear research centen 80 S- 10  

4. Authoritiesc 70 S- I S  27 27 27 1 9  

a) About 6,000 employees. No uranium production, isotope separation or 
reprocessing. 
b) About 4,000 employees. 
c) Nuclear Power Inspectorate, Radiation Protection Inst., etc. 
Sixteen ( 1 6) organizations were questioned, representing > 10,000 employ-
ees. Figures to right refer to relative importance or education (in 
percentage) in technical physics and in mechanical, electrical and 
chemical engineering for each group or replies to questionnaire. 
Sweden's population is 8 million. Figures estimated for 1 986. See 
Sect. 8.4. 1 and Table 3. 

TABLE 3 STATISTICS ( 1 987) ON NUCLEAR ENERGY IN SOME COUNTRIES 

u.s. France F.R .G . U.K. Belgium Sweden 

Population, M 23S ss 62 S6 1 0.0 8 .4 

Pop. dens., M/km 2 26 1 00 2SO 230 320 1 9  

G.N.P. ( 1 982), k$/pers. 1 3 . 1  1 0.0 10.7 8.s 8.6 1 1 .9 

Elec. energy prod., MWh/pers. 12 6.3 6.S 6.0 s.s 1 S.6 

Installed nuclear power, GW 100.3 46.7 1 8 .9 1 2.8 s.s 9.7 

Nucl. energy prod., MWh/pers. 1 .8 4.4 1 .9 0.4 3.7 7 .7  

Percent nuclear electricity 1 6.6 69.8 29.4 1 8.4 66.9 S0.3 

Reacton in operation 109 49 2 1  38 7 1 2 

Reacton under construct. 1 3  1 4 4 s ( 1 )  0 

Reacton per M population 0.46 0.9 0.34 0.68 0.7 1 .4 
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122 

TABLE 4 POPULATION OF RADIOCHEMICAL LABORATORIES (OUTSIDE CEA): 
(STATUS JANUARY 1987) 

Researchers Academic Techni ca l  Research 

Laboratory C CNRS ) staff staff students 

Bordeaux 6 3 5 3 
Or soy 7 5 3 . 5  4 
N ice - 7 1 3 
VI  try 1 - 3 3 
Lyon 4 4 4 . 5  8 
Soc l oy 1 - 10 2 
C P .  Sue > 
Par i s  4 1 2 . 5  -
Lob Cur le 
Or leans 4 3 18 4 
Strosbourg 5 4 13 10 

TOTAL 32 27 60 . 5  37 
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1 23 

TABLE 5 UNIVERSITY CURRICULUM 

� ·  

2 years 

� 

. � 

2 years 

� ,  
. � 

1 year 

, ,. 
.. � 

2-3 years 

"' 

H i gh  School 

! 
•Boccolour6CJt• 

l 
FIRST CYCLE 

(DflJG) 

SECOND CYCLE 
C l tcence> 

�--------------------

Cmttr t se> 

THIRD CYCLE 
C DEA., D1PI OIIKI of 

Advanced stud i es >  

- - - - - ----- - - - - - - - -----

Doctorate 

f- 0pt 1ono 1 course In  Rad iochemi stry 

C one  or two semesters > 

CBordeoux., Lyon., Par t s .,  Orsay., 

Strasbourg > 

.--•Rod 1oelements - Rod 1at 1ons -

Rad iochemi stry• < Par t s  - o rsov > 

� At author i zed l aborator ies : 

C Un1vers 1 t 1es C as above > .,  CNRS 

CEA., I NSTN 
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TABLE 6 EXPERIMENTAL COURSE IN RADIOCHEMISTRY 

Physics - Radioactive decay 
- Statistics 
- Radiation detection 
- Spectroscopy 

Chemistry - Activation analysis 
- Isotope dilution analysis 
- Extraction 
- lon exchange 
- Chromatographic separation 
- Isotope exchange 
- Szilard-Chalmers separation 

Exercises: enlarge and complete studies 
by accompanying lectures and 
courses. 

Tutorial exercises: 
students review a scientific 
problem, give a lecture on this 
topic and put It In writing. 

Book used: Herforth, L. and Koch, H.,  
Praktikum der Radloaktlvltit und 
der Radlochemle, Deutscher Ver
lag der Wlssenschaften, Berlin. 
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TABLE 7 STATimCS OF STUDENTS IN NUCLEAR CHEMISTRY 

Cologne G o t h e n b u r a  
University Class. Univ. Techn. Univ. Class . Univ. 

All students 50,000 3,900 2o,ooo••• 

Undergrad. chem. students 1 , 165 4 1 o- 3os•• 

Grad. chem. students 206 1 30 1 00 

Grad. students 
takina nucl. chem. courses 2 1 4 

Grad. students in nucl. 
chem. 20 5 4 

Nucl. chem. dissertations/year 2 - 3  1 - 2 

•students at all levels; 4.5 yean to obtain Master's or Chem. Eng.; 
4 yean minimum to obtain Ph.D. in Chem. Eng. (D.Tech.) at Chalmen 
Univenity or Technology or Ph.D. (Chemistry) at Univenity or 
Gothenburg 
••Formally 3 (normally 4) yean to obtain a B.Sc. 
••• 1 ,930 students at the Mat. National Science Faculty 
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TABLE SA NUCLEAR AND RADIATION TEACHING IN SWEDEN AT ALL 
ACADEMIC CENTERS (Number of students given within parenthesis) 

A. 1 .  STOCKHOLM 
I .  Stockholm University CSUl 

School of Physics (incl. nuclear physics•) 
Dept. of Radiation Physics (6 in 1 987) 

• Radiobiology (28 in 1987) 
• Oncology ( 14  in 1987) 

(Nuclear Chemistry taught at KTH) 
2. Royal Institute of Technology CKTHl 

Reactor Physics 
• Materials 
• Technology 
• Safety 

Nuclear Chemistry ( 1 3  people in 1 987, includes SU students) 

A.2. GOTEBORG (GOTHENBURG) 
I .  Gothenburg University CGUl 

School of Physics (incl. nuclear physics) 
Dept. of Radiation Physics (9 in 1984) 
(Nuclear chemistry taught at CTH) 

2. Chalmers University of Technology 
Reactor Physics ( 14  people in 1987) 

• Technology (3 people in 1987) 
Nuclear Chemistry (23 people in 1987; also for GU students) 

A.3. UPPSALA 
I .  Uppsala University 

School of Physics (incl. nuclear physics•) 
Dept. of Neutron Research; professor located at and also 
Head of the National Neutron Research Laboratory at Studsvik Energy 
Research Center; in total about 30 people; in nuclear chemistry /physics 
about 10 people; recently formal courses. 

2. Gustaf Werner Institute 
(Accelerator and radiation research center. with nuclear 
physics, nuclear chemistry, radiation biology, etc.; 
employs several nuclear chemists, but no teaching) 

A.4. LUND 
I .  University of Lund 

School of Physics (incl. nuclear physics•) 
Radiation Physics 
(No nuclear chemistry) 

A.S. UMEA 
I .  University of Umd 

School of Physics (incl. nuclear physics) 

• The large nuclear physics groups employ some nuclear chemists, 
but no teaching. 
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TABLE 8B NUCLEAR ENERGY TEACHING AT NON-ACADEMIC 
CENTERS IN SWEDEN 

I .  Nuclear Power $afety and Education 
(Jointly owned by the nuclear power industry; associated with the 
Institute for Nuclear Power Operations, Atlanta; operates 3 full-scale 
reactor simulaton; about 100 people, but no chemists.) Counes for 
nuclear power plant operaton. 

2. ASEA-ATQM C� 
(A commercial company offerina complete services within the whole fuel 
cycle: fuel element manufacturina-reactor construction-waste 
handlina.) Offen internal counes for own needs and for nuclear power 
industry penonnel, also coverina nuclear chemistry. 

3. Studsyjk Eneray Research Company . 
(Reactor research center conductina research in nuclear and radiation 
chemistry; about SOO people.) At same place is the National Neutron 
Research Laboratory, and the Department of Nuclear Research of the 
Uppsala Univenity; counes normally at Uppsala. 

4. Nuclear Power Plants 
(Extensive intemal specialist trainina, usually on shift-enaineer 
level.) Counes usually bouaht from I -3 above. Counes include 
radiation protection, contamination/decontamination, waste handlina, 
radiochemical analyses, etc. 

•Recently restructured to ASEA-BROWN-BOVERY 
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TABLE 9A DEPARTMENT OF NUCLEAR CHEMISTRY, CHALMERS UNIVERSITY 
OF TECHNOLOGY, GOTHENBURG, SWEDEN 

Courses 
1 .  Fundamentals of nuclear chemistry, 
2. Nuclear chemistry. aeneral coune, 
3. Applied nuclear chemistry, 
4. Solvent extraction chemistry, 

Major reHarcb projects 

1 st year, 1 2  lee + 1 2  lab 
4th year, 70 lee + 28 lab 
4th year, 42 lee + 28 lab 
4th year, 42 lee + 14  lab 

1 .  Chemistry of actinides and comparable metals 
2. Techniques of solvent extraction research 
3. Separation and identification of short-lived nuclei (SISAK) 
4. Nuclear waste in aeoloaic media 

Special equlp•eat Radiometric equipment for spectrometry, several 
AKUFVE units (full size and mini), &love box laboratory for hi&h-level work 
(6 boxes), aamma cave with manipulaton (max. 1 0  Ci), eoco source. 

Penoaael: 3 senior scientists (incl. professor), 9 araduate students, 
6 laboratory technicians, S administrative and workshop personnel. 

Budaet For 1 986/87, 4.96 M Skr ( I  USS • 6 Skr), of which 3.06 M Skr 
was for salaries. 

TABLE 98 DEPARTMENT OF NUCLEAR CHEMISTRY, ROYAL INSTITUTE OF 
TECHNOLOGY, STOCKHOLM, SWEDEN 

CourHs 
I .  Nuclear chemistry I (aeneral coune), 4th year, 28 lee + 42 lab (S p) 
2. Nuclear chemistry II (nuclear energy), 4th year, 22 lee + 14  lab (3 p) 
3. Radiation chemistry I, >4th year, 120 lee + lab (6 p) 
4. Radiation chemistry n, >4th year, (4 p) 

Major reHarcb projects 
1 .  Radiation chemistry (radical chemistry, bleachin& of paper pulp, 

radiolysis effects on radionuclide miaration in around, etc.) 
2. Nuclear waste (ceramic cannina (meaalite], radionuclide miaration) 
3. Datina (mussel shells, etc.) 

Penoaael: S senior scientists (incl. professor), 4 graduate students 
in 87/88, 4 technicians/administrative personnel. 

Budaet For 86/87 a total of 3.24 M Skr 
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TABLE 1 0  WHAT VALUE IS IT TO HAVE A PROFESSORSHIP IN NUCLEAR 
TECHNOLOGY? 
(Reply from industries and authorities to a questionnaire) 

Choice of reply: A) They produce essential research. 

B) They provide education in research methods. 

C) They promote recruitment to the field. 

D) The professor is an independent authority. 

Chain evaluated Replies 

b3! ioduattis=a and 
aythorities A Jl � 12 

1 )  Reactor technoloay s 8 1 2  8 

2) Reactor physics 4 9 8 7 

3) Reactor safety s s 6 1 3  

4) Nuclear chemistry 1 2  1 2  1 0  9 

S) Reactor materials 4 s 9 6 
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TABLE I I  COMPARISON OF TEXTBOOKS• IN NUCLEAR AND �DIOCHEMISTRY 

RRW H ML y L MC CR FK.MM BPL VK 
19SO 64 68 68 69 7 1  80 8 1  8 1  87 

NUCLEAR PHYSICS 
o fundamental particles + + + (+) (+) (+) + + 
o nuclear structure (+) (+) + + (+) + + + + 
o nuclear spectroscopy (+) + + (+) (+) + + (+) 
o nuclear reactions + + + + + + + + + + 
o radioact. decay + + + + + + + + + + 
o radiation absorpt. + + + + + + + + 
o radiation detection + + + + + + + + 
o accelerators + + + + + + + 
o (target chemistry) + + + + + + 
RADIATION CHEMISTRY 
o eff. on inorg. matter + + + + + + + + 
o eff. on biosystems + + + + + 
o hot atom chemistry + + + + (+) + + 
o large scale uses (+) + 
RADIATION PROTECTION (+) (+) (+) + (+) 
RADIOCHEMISTRY 
o radiochemical tech. + + + + + + + + 

including tracer methods 
o labelling + + + + + (+) 
o isotope exchange + + + + + + + + 
o isotope dilution + + + + + + + 
o analytical uses + + + + + + + 
o tracers in chemical + + + + + + + 

research and technique 
o radioactive elements + + + (+) + + 
ISOTOPES 
o isotopic effects + + + + + + + + 
o separation + + + + + + + 
COSMOLOGICAL APPLICATIONS 
o nucleosynthesis + (+) + + + 
o natural radioact . •  

dating + + + + + + + (+) 
MEDICAL APPLICATIONS 
o radiopharmacy + (+) (+) 
o diagnostic uses + + (+) 
o immunoassay + 
o use of short-lived 

nuclei (+) 
o therapeutic uses + + 
NUCLEAR POWER 
o reactor design and safety (+) (+) + + + + 
o reactor chemistry + + + + (+) 
o fuel cycle (+) (+) + (+) + 
o waste handling + (+) + 
o environmental contamination + 
o fusion energy + + 

•The textbooks are identified in the head by last initial(s) of author(s) and by year of 
publication. Full titles and a listing of contents for each textbook are given in Table 12 .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

T r a i n i n g  R e q u i r e m e n t s  f o r  C h e m i s t s  i n  N u c l e a r  M e d i c i n e ,  N u c l e a r  I n d u s t r y  a n d  R e l a t e d  A r e a s :   R e p o r t  o f  a  W o r k s h o p
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 1 7

http://www.nap.edu/catalog.php?record_id=19117


1 3 1  

TABLE 1 2  CONTENTS OF SOME TEXTBOOKS IN NUCLEAR AND 
RADIOCHEMISTRY 

R.R. Williams Principles of Nuclear Chemistry, Van Nostrand Co., 1 9SO. 
The atomic nucleus, physical and chemical manifestations of nuclear mass, 
Devices for preparation and detection of unstable nuclides, Nuclear decay 
reaction, Nuclear bombardment reactions, Chemical operations with unstable 
nuclides, Chemical consequences of nuclear reactions, Chemical and 
bioloaical effects of nuclear radiations, Applied nuclear chemistry. 

M. Haissinsky Nuclear Chemistrv and its Applications, Addison-Wesley, 1 964. 
The development of radioactivity, nuclear physics and nuclear chemistry, 
The fundamental particles, The nucleus, Spontaneous radioactive 
transformations, Nuclear reactions, Fission and nuclear reacton, The 
natural radioelements, The transuranium elements, Isotope effects and 
separation of isotopes, The aeochemical, aeoloaical, and astrophysical 
applications of radioactivity, Dissipation of the eneray of r_adiations in 
matter, The chemical effects of ionizina radiations: introduction and 
reactions in the aas phase, The radiolysis of water and of aqueous 
solutions, The radiolysis of oraanic compounds and the bioloaical effects 
of radiation, The effects of radiations on solids, Fluorescence and 
colorations produced by radiation, The chemical effects of nuclear 
transformations, Radioactive indicaton, Isotope exchange, Electrochemical 
applications, The distribution of a micro component between two phases, 
Applications of radioactivity in analytical chemistry, Tracen in the study 
of the mechanism of chemical reactions, The biochemical, physioloaical, and 
medical applications of isotopic tracen, Technoloaical and industrial 
applications. 

M. Lefort Nuclear Chemistry, Van Nostrand Co., 1 968. 
Spontaneous disintearation and radioactive decay, Types of nuclear 
disintearation, Fundamentals of nuclear reactions, The compound nucleus 
reaction mechanism, Hiah eneray spallation reactions-direct interactions 
followed by particle evaporation, Direct transfer of nucleons or clusters 
of nucleons in nuclear reactions, Nuclear fission at low eneraies, 
Hiah-eneray fission, Experimental methods in nuclear chemistry, 
Applications of nuclear chemistry. 

L. Yaffe Nuclear Chemistrv, Academic Press, 1 968. 
Nuclear models, Low-eneray nuclear reactions, Hiah-eneray nuclear 
reactions, Studies of nuclear reactions by recoil techniques, Experimental 
nuclear spectroscopy, Heavy-ion induced nuclear reactions, Nuclear fission, 
The chemical effects of nuclear transformations, Modern rapid radiochemical 
separations, Electromaanetic separator and associated techniques, Computers 
applied to nuclear chemistry, aeo- , and cosmochemistry. 

K. H. Lieser Einfuhruna in dje Kernchemie, Verla& Chemie GmbH, 1 969. 
Periodensystem der Elemente und Nuklidkarte, Eiaenschaften der Atomkerne, 
Isotopieeffekte, Isotopentrennung, Radioaktiver Zerfall, Radioaktive 
Strahlung, Zerfallsprozesse, Kernreaktionen, Chemische Effekte von 
Kemreaktionen, Strahlenchemische Reaktionen, Kernbrennstoffe und 
Reaktorchemie, Grossgerlte (nuclear reacton, accelerators, etc.), 
Gewinnung und Chemie der Radionuklide, Kunstliche Elemente, Anwendungen. 
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TABLE 12 (continued) 

H.A.C. McKay Principles of Radiochemistry, Butterworths, London, 197 1 .  
The nucleus and radioactivity, Rates and energies of radioactive decay, 
Nuclear reactions, The occurrence and preparation of radioactive 
substances, Radiotracer principles and analytical applications, 
Physicochemical applications of radiotracers, Radiotracers in the study of 
chemical reactions, Chemical effects of nuclear transformations. 

G. Choppin and J. Rydberg Nuclear Chemistry. Tbeorv and Applications, 
Pergamon Press, 1980. 
Beginnings of nuclear science, Nuclei and isotopes, Nuclear mass and 
stability, Radioactive decay, Cosmic radiation and elementary particles, 
Nuclear structure, Nuclear reactions I (Energetics), Accelerators and 
neutron sources, Nuclear reactions II (Mechanisms and Models), Production 
of radionuclides, Thermonuclear reactions and nucleogenesis, Naturally 
occurring radioactive elements and extinct radioactivity, Synthetic 
elements, Absorption of nuclear radiation, Radiation effects on matter, 
Radiation biology and radiation hazards, Detection and measurement of 
nuclear radiation, Applications of radioactive tracers, Nuclear chain 
reactions, Treatment of spent nuclear fuel, Nuclear power: problems and 
promise. 

G. Friedlander, J. W. Kennedy, E. S. Macias and J. M. Miller Nuclear and 
Radiochemistry, Wiley Int., 198 1 .  
Atomic nuclei, Radioactive decay processes, Nuclear reactions, Equations 
of radioactive decay and growth, Interaction of radiations with matter, 
Radiation detection and measurement, Techniques in nuclear chemistry, 
Statistical considerations in radioactivity measurements, Nuclear models, 
Radiochemical applications, Nuclear processes as chemical probes, Nuclear 
processes in geology and astrophysics, Nuclear energy, Sources of nuclear 
bombarding particles. 

M. Benedict, T. H. Pigford and H. V. Levi Nuclear Chemical Enaineering, 
McGraw-Hill, 1 98 1 .  
Chemical engineering aspects of nuclear power, Nuclear reactions, Fuel 
cycles for nuclear reactors, Solvent extraction of metals, Uranium, 
Thorium, Zirconium and Hafnium, Properties of irradiated fuel and other 
reactor materials, Plutonium and other actinide elements, Fuel 
reprocessing, Radioactive waste management, Stable isotopes: Uses, 
separation methods and separation principles, Separation of isotopes of 
hydrogen and other light elements, Uranium isotope separation. 

A. Vertes and I. Kiss Nuclear Chemistry, Elsevier, 1987. 
Basic properties of the atomic nucleus, Nuclear reactions, Radioactive 
decay, Interaction of nuclear radiation with matter, Investigation methods 
of chemical structure based on interaction of nuclear radiation with 
matter, Radioactive tracing, The chemistry of ultra-low concentrations, 
Hot atom chemistry, Radiation chemistry, Isotope effects, Isotope 
enrichment, Nuclear reactors. 
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TABLE 1 3  NOBEL PRIZES IN THE FIELD OF NUCLEAR SCIENCE 

• . . .  TO THOSE WHO HAVE MADE MANKIND THE GREATEST BENEFIT 

Year Field Name(s) Discovery of /Work on /Development of 

190 1  Physics W C ROntaen -- X-rays (first Nobel Prize ever) 
1 903 Physics H Becquerel, 

P Curie, M Curie -- radioactivity 
1908 Chemistry E Rutherford -- the disintearation or elements 
191 1 Chemistry M Curie -- elements radium and polonium 
1921  Chemistry F Soddy -- the origin and nature of isotopes 
1922 Chemistry F W Aston -- isotopes in non-radioactive elements 

and ... of the whole number rule 
1934 Chemistry H C Urey -- heavy hY.droaen 
193S Physics J Chadwick -- the neutron 
193S Chemistry I and F Joliot-Curie -- for synthesis of new radioactive 

elements 
1938 Physics E Fermi -- nuclear reactions effected by slow 

neutrons 
1939 Physics E 0 Lawrence -- development or the cyclotron 
1943 Chemistry G de Hevesy -- use of isotopes as indicators 
1944 Chemistry O Hahn -- for work on atomic fission 
19S l  Physics J D Cockroft, 

E T S Walton -- work in 1932 on transmutation of 
atomic nuclei 

l9S l  Chemistry E M McMillan, 
G T Seabora -- plutonium 

1 9S7 Physics T D Lee, C N Yang -- non-conservation of parity 
19S8 Physics P A Cherenkov, 

I M Frank, I E Tamm -- cosmic-ray counter 
l 9S9 Physics E Segre, 

0 Chamberlain -- existence of the anti-proton 
1960 Chemistry W Libby -- •atomic time clock• 
1 960 Physics D A Glaser -- bubble chamber 
1 961  Physics R Hofstadter -- shape and size of atomic nucleus 

R MOSsbauer -- recoil-free gamma-rays 
1961  Chemistry M Calvin -- photosynthesis (ext. use or 1�)· 
1963 Physics E P Wianer, 

M Goeppert-Mayer, 
J H D Jensen -- nuclear structure 

1 967 Physics H Bethe -- eneray production in stars 
l 91S Physics J Rainwater, 

B Mottelsen, 
A N  Bohr -- asymmetrical atomic nuclei 

1 977 Physiology 
/Medicine R S Yalow -- hormone research (radioimmunology)* 

• Closely related to nuclear science. 
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FIGURE 1 VARIOUS DESCRIPTIONS OF NUCLEAR CHEMISTRY 
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APPEND IX E 

Nuclear and Radiochemis try Education in 
U . S .  Univers ities and Colleges 

Edward S .  Macias 
Washington Univers ity , S t . Louis , KO 

Gerhart Friedlander 
Brookhaven National Laboratory , Upton , NY 

INTRODUCTION 

Beginning with the p ioneering work of the Curies , chemis try has been a 
vital ingredient in the s tudy of radioactivity and nuclear phenomena and , 
throughout the last 90 years , chemists have made key contributions to 
advanc ing our knowledge in these fields . One needs only to recall names l ike 
Frederick Soddy , Kas imir Faj ans , Otto Hahn , Georg von Hevesy , Fritz 
Strassmann , Glenn Seaborg to back up that s tatement . 

The present s tate of knowledge about atomic nuclei and their interactions 
has indeed been acquired through the combined e fforts of people trained as 
phys icists and chemists and right up to the present the ir different 
backgrounds and complementary skills and approaches continue to be important 
in advanc ing the field . 

To give some examples : Nuclear chemists have played a particularly 
important role in achieving detai led unders tanding of the fiss ion process , 
e . g . through s tudies of charge , mas s , and kinetic energy dis tributions in the 
fiss ion of various nuclei under a variety of conditions . Another frui tful 
domain of nuclear chemical research has been the exploration and 
charac terization of nuclei further and further from the region of nuclear 
stab i l i ty ,  both to the neutron- rich and to the neutron- deficient s ide o f  the 
valley of s tab i l ity and particularly to new elements beyond those occurring 
in nature . Such s tudies have been important in advancing our understanding 
of the fac tors that govern nuclear s tab i l i ty .  Investigat ions of complex 
nuclear reactions ( such as high- energy spallation reactions ) have usually 
been pioneered by nuclear chemists , perhaps because in the ir complexity , they 

1 4 1  
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are somewhat akin to chemical reactions . Nuclear chemists are actively 
involved in the current , very intens ive pursui t  of relativis tic heavy ion 
reactions , aimed at discover ing and characteriz ing s tates of nuclear matter 
at extremely high dens ities and pressures believed to have exis ted in the 
earl ies t s tages of the universe . 

Even more important , in the context of the Workshop on Training 
Requirements , than chemists ' role in nuclear research per se is the fact that 
people trained in nuclear chemistry have been extraordinari ly successful in 
fruitfully applying the ir backgrounds and knowledge to other fields and in 
developing imaginative new techniques for the solution of many problems . 

The whole field of radioactive ( and s table isotope ) tracer appl ications 
grew out of nuclear chemistry ( Hevesy be ing recorded as the firs t 
practitioner when he used RaB tracer to es tablish that , in the boarding house 
in which he took his meals , table scraps from one day appeared in next day ' s  
meal ) . Isotopic tracer techniques have , o f  course , come into common use in 
many fields inc luding phys ics , chemis try , b iology , agriculture , geology , and 
archaeology . These widespread appl ications certainly owe a great deal to the 
pioneering contributions of nuclear chemists . 

The same can surely be said of the various spec ialized and some times 
ultrasens itive analytical techniques that are based on nuclear processes and 
phenomena . Princ ipal among these is neutron and charged particle activation 
analys is . But one can also mention iso tope dilution , ESCA , EXAFS , and 
others . S tarting with the firs t publications on neutron ( 1 )  and charged 
particle ( 2 )  activation , the appl ications of these techniques in diverse 
fields - archaeometry , criminology , atmospheric science , oceanography , art 
his tory , b iochemis try , process control , to name j us t  a few - have often been 
ini tiated and developed by chemis ts with a nuclear or radiochemical 
background . 

Exponential radioac tive decay provides a natural tool for various forms 
of chronome try , and many appl icat ions along these l ines were p ioneered by 
nuclear chemi s ts . W . F . Libby ' s  carbon- 14 dating me thod has had enormous 
impact on archaeology , cl imatology , and related fields . Geology was 
revolutionized by the arsenal of dating techniques that are based on 
naturally occurring radionuc l ides and the ir daughters ( e . g .  the U/Pb , Th/Pb , 
Rb/Sr ,  K/Ar , Re/Os me thods ) .  What we know about the early his tory of our 
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solar sys tem is derived from these same chronometers as appl ied not only to 
terres trial rocks but also to meteori tes and the surface of the moon . In the 
development , refinement and appl ications of each of the techniques mentioned , 
nuclear chemis ts and radiochemist& have been seminally involved . 

As a final example we mention the important role that radiochemistry 
plays in the advancement of nuclear medicine , which has become such a vital 
component of medical practice . The development of me thods for produc ing 
specifically labelled radiopharmaceuticals of high speci fic act ivity and 
requis i te radiochemical purity requires the skills and experience of nuc lear 
or radiochemis t& . 

From the sketchy examples given , i t  should be clear that a comb ination of 
chemical and nuclear training and education has proved to be excel lent 
preparation for branching out into other fields and for bringing that 
background to bear on a great variety of problems , both in other bas ic 
sciences and in appl ied areas . There is every reason to be lieve that this 
will also be true in the future , provided that such educat ion and training 
continues to be sufficiently available . This is a mos t  important proviso . 
Opportuni ties for graduate study in nuclear chemistry have been decl ining in 
the US and in Western Europe and , if this trend is allowed to continue , there 
will very soon be a dearth of people with that comb ination of ski lls that has 
proven to be so valuable , unless new mechanisms for develop ing them can be 
put in place . I t  is thi s  concern that motivates this workshop . 

In thi s  paper we have assessed the s tatus of academic training in the 
area of nuclear and radiochemistry , broadly defined , as indicated from a 
survey we conducted of U . S .  college and univers i ty chemis try departments .  We 
present data from this survey on the numbers of faculty and graduate students 
involved in various aspects of nuclear chemis try teaching and research and on 
the numbers of courses all or in part devoted to nuclear and radiochemis try . 
To put these data in the proper perspective we have compared our results to 
s imilar surveys conducted over the last two decades ( 3 - 5 ) . I t  is  our 
intent ion to examine the commonly he ld view in the nuclear and radiochemis try 
community that the availab i l i ty of academic training in the field is 
decreas ing . 
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SURVEY 

The que s tionnaire (Appendix 1 )  was qui te s imilar to those used in 
previous surveys to allow us to examine the trends over the past two 
decades . I t  was mai led to Chairs of 728 academic chemis try departments 
including the 199 departments which grant PhD degrees in chemistry as listed 
in the 1985 American Chemical Society (ACS ) Directory of Graduate Research . 
Replies were rece ived from 482 institutions ( 66 t )  with a s imilar fraction of 
re turns from PhD and non- PhD granting institutions ( 69 t  and 65t , 
respective ly) as given in Table 1 .  This reply percentage is qui te s imilar to 
that of the 1978 survey in which 68t of 188 PhD granting ins titutions 
returned the questionnaire . Mos t  of the comparisons in this paper are made 
to that 1978 survey . 

To estimate if a s ignificant number of non- replying institutions have 
faculty and courses in nuclear and radiochemis try , we reviewed faculty 
research intere s ts at all non- replying PhD granting ins titutions in the ACS 
Directory of Graduate Research . We found only two non- replying ins t i tutions 
with a faculty member who indicated a research interes t  in nuclear and 
radiochemistry . Therefore , we feel confident that at leas t for PhD granting 
ins t itutions , our survey covers essentially all of the relevant chemis try 
departments .  

RESULTS 

Facul ty 
Only a mode s t  fraction of the responding institutions have nuclear and 

radiochemis try faculty ( 40t and 24t at PhD and non- PhD granting ins titutions , 
respective ly ) . In fact , those percentages are too high because mos t  of the 
non - responding schools have no nuc lear and radiochemistry faculty . For 
example , we estimate that the percentage of all PhD granting institutions 
that have nuclear and radiochemis try faculty is closer to 28t . 

This survey asked for the primary and secondary interes ts of faculty 
broken down into s ix areas ( Figure 1 ) . Type 1 faculty , interes ted in 
fundamental nuclear chemistry , are traditional nuclear chemists whi le type 2 
faculty are traditional radiochemis t& . Type 3 through 6 faculty are involved 
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All Institutions 
Surveys sent 
Surveys rece ived 

Ph . D .  Granting Institutions 
Surveys sent 
Surveys rece ived 

1 4S 

TABLE 1 

Summary of Responses 

Institutions with nuclear and radiochemistry faculty ( all types ) 
Ins titutions with nuclear and radiochemistry courses 

7 2 8  
4 8 2  ( 6 6 % )  

1 9 9  
1 3 8  ( 69 % )  

5 5  (40% ) 
42 ( 30% ) 

Ins ti tutions with nuclear and radiochemis try content in o ther courses : 
in general chem 
in phys ical chem 
in other courses 

Non - Ph . D .  Granting Ins titutions 

102 ( 74% ) 
1 1  ( 8 % )  
15  ( 1 1 % )  

Surveys sent 5 2 9  
Surveys rece ived 344 ( 65 % )  
Institutions with nuclear and radiochemistry facul ty ( all types ) 8 1  ( 24% ) 
Institutions with nuclear and radiochemitry courses 7 5  ( 22 % )  
Ins titutions with nuclear and radiochemis try content in o ther courses : 

in general chem 
in phys ical chem 
in other courses 

Percentages refer to the fraction of responding ins t i tut ions . 

2 7 6  ( 80% ) 
36 ( 10% ) 
5 6  ( 16 % )  
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in mos t  of the appl ications of nuclear and radiochemis try to other scientific 
fields . We are particularly interested in types 1 - 4  when cons idering 
education , because these are the facul ty who normally teach the core courses 
in nuclear and radiochemis try . Type 5 faculty , users of tracers and labelled 
compounds , were included in the survey in order to allow direct comparisons 
with the results of the 1 9 7 8  survey , but this is actually a very diverse 
group which is often far removed from teaching and research in nuclear and 
radiochemis try .  In retrospect ,  we realized that more definition o f  this 
group is needed to make the survey results for type 5 chemists meaningful . 

I t  is  clear from Table 2 and Figure 3 that the total nuc lear and 
radiochemis try faculty at PhD granting ins t i tutions has decreased 
dramatically in the past decade . There has also been a drop by about 
one - third in the number of type 1 - 4  faculty and in the number of separate 
departments in which they res ide from the 70 ' s  to the 80 ' s .  This comes after 
essentially no change in the ir numbers dur ing the 1 9 70 ' s .  

Faculty involved in nuclear medicine and radiopharmaceutical chemis try 
( type 6 ) , an area of research of part icular interes t  to this workshop , were 
not spec ifically identified in a separate subdivis ion in any of the earlier 
s tudies . Therefore , no trends in the numbers o f  faculty in this subdivis ion 
can be determined . No comparable information was reque s ted from non - PhD 
granting ins t i tutions in the earlier s tudies and thus we present no trends 
for these schools . 

Tab le 2 
Nuclear and Radiochemis try Faculty 

at PhD Granting Ins t i tutions 

Total Facul ty (All Types ) 
Facul ty (Types 1 , 2 , 3 , 4 )  

1960 
106 

6 7 ( 3 7 )  

1 9 7 3  

1 1 7 ( 64 )  

1 9 7 8  
180 
121 ( 6 9 )  

1 9 8 7  
108 ( 5 5 )  

8 1 (46 ) 

Numbers in parentheses indicate number of separate departments in which these 
facul ty res ide . 
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During the past decade there has been a decrease in all areas of the 
field as shown in Table 3 and Figure 3 .  By contras t ,  in the period between 
197 3  and 1978 there was very little change in the number of ' nuclear and 
radiochemistry faculty of type 1-4  in PhD granting institutions but there was 
a big increase in the number of faculty working with tracers and labelled 
compounds ( type 5 ) . Only the number of faculty working in func:lamental 
nuclear cheaistry were relatively constant from 1978 to 1987 with only a lOt 
decrease . By contrast ,  academic radiochemist& decreased by 64t ! 

TABLE 3 

Faculty by Research Type and Age 

PhD Granting Inst i tutions Non- PhD 
Granting 

I 
Intere s ts - - - - - - - - - - - - I Primary 

Type Primary Secondary Ave Age4 I Interest 
1987  1978  1987  1978  1987  1 9 7 8 1 1 9 8 7  

1 Fundamental Nuclear 34 3 8  7 12 50 47 21 
Chemis try 

2 Chem of Radioactive 4 11 8 18 60 5 2  6 
Elements 

3 Analytical 3 3  45 20 30 49 48 45 
Applications 

4 Nuclear Probes for 6 27 9 10 5 1  4 7  2 
Chemical S tudies 

5 Tracer Techniques 2 3  59  11  2 8  4 9  4 7  19  
and Labelled Compounds 

6 Nuclear Medic ine and 8 5 49 1 
Radiopharmaceutical Chem 

Totals 1987 108 180 60 98 94 
Average Age 50 48 

a Average age tabulated according to faculty member ' s  pr imary intere s t . 
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I t  i s  worth noting that in addition to the 108 nuclear and radiochemis try 
facul ty at PhD granting ins ti tutions there are also 94 nuclear and 
radiochemis try facul ty at non- PhD granting ins t itutions . 

From 1 9 7 8  to 1 9 8 7  the average age of all nuclear and radiochemis try 
faculty increased by two years to 50 years which indicates some replacements 
of retiring faculty . This is not drastically different from an average age 
of 49 years for a random sampling of some 1300 U . S .  chemistry faculty taken 
from the 1987  ACS Directory of Graduate Research . However ,  there was a 
smaller proportion of young nuc lear and radiochemis try faculty than for the 
s ample of all academic chemists as can be seen in Figure 4 .  The extreme in 
the aging trend was for type 2 radiochemis t& whose average age increased 
e ight years in the pas t nine with no new faculty added . It should be noted 
that there are only four academic radiochemist& remaining in PhD granting 
ins t i tutions in this country and a total of 10 in al l schools . 

There are only 9 chemists working in nuc lear medic ine and 
radiopharmaceut ical chemis try ( type 6 )  overall .  Al though this is a smal l  
group , i t  is not older than the average chemi s t . Ye have not counted the 
number of faculty in this field working in medical and pharmacy schools . 

The divers i ty of nuc lear and radiochemis try research makes c lus ters of 
facul ty within a s ingle department quite important for cross fertil ization of 
ideas and for the teaching of core concepts to s tudents in applied and 
peripheral areas . Unfortunate ly the number of departments with more than one 
faculty member in nuc lear and radiochemis try has decreased s ince 1 9 7 8  as can 
be seen in Figure 5 .  

Courses 
The number of ins t i tutions that teach nuclear and radiochemis try courses 

is  qui te small ( 30% and 22% for responding PhD and non- PhD granting 
ins t i tut ions , respec tive ly ) and we estimate that only 2 2 %  of all PhD granting 
ins t itutions offer such courses . In this survey only 42 PhD grant ing 
ins t i tut ions indicated nuc lear and radiochemis try course offerings as 
compared to 70 and 86 ins t i tutions in the 1 9 7 8  and 19 7 3  surveys , 
respe c t ive ly . The de tai ls o f  these course offer ings are given in Table 4 .  
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Course Level8 

Lower Leve l UG 
Upper Level UG 
UG and Grad 
Grad 

Total Courses 

Lower Level UG 
Upper Level UG 
UG and Grad 
Grad 

Total Courses 

149 

TABLE 4 

Nuc lear and Radiochemistry Courses 
( number of courses ) 

At PhD Granting Institutions 
With lab Without Lab 

1 
7 
4 

10 

2 2  

0 
11  

8 
2 3  

4 2  

Lab only 
0 
1 
1 
0 

2 

At non- PhD Granting Ins t i tutions 
4 

38  
5 
5 

5 2  

4 
14 

5 
1 2  

35 

0 
2 
2 
0 

4 

These nuclear and radiochemis try courses are offered at 42 PhD granting 
ins titutions and at 75 non- PhD granting institutions . 

a UG - Undergraduate leve l course 
Grad - Graduate level course 
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The total of 66  courses at PhD granting ins titutions is a sharp 5 7 t  decrease 
from the 1 5 3  courses offered in 1978 . This is perhaps the statistic which 
most dramatically i l lus trates the anemic state of academic Nuclear and 
Radiochemistry ins truct ion in the U . S .  today . 

Although there are fewer facul ty at non- PhD granting ins titutions , they 
offer a larger number of nuc lear and radiochemis try courses ( 91 )  than the PhD 
granting ins titutions . 

Nuclear and radiochemistry fares best in general chemistry courses as 
tabulated in Table 1 .  Overall , 7 8 %  o f  the replying ins ti tutions devote part 
of that course to nuc lear and radiochemistry top ics although the extent of 
coverage is generally less than 10% and often as l i ttle as one lecture . Only 
a very smal l percentage (<10% ) of ins titutions have any coverage �f nuclear 
and radiochemistry in the ir phys ical chemis try courses . 

Gra4uate S tudents 
The survey indicates that the number of graduate s tudents in the field 

has increased s ince 1 9 7 8  as shown in Tab le 5 .  However , these data are 
somewhat mis leading because there are a large number of s tudents working with 
tracers and labelled compounds ( type 5 )  whose main research proj ect is in a 
field other than nuc lear and radiochemis try . We e s t imated a lower l imit of 
the number of type 5 s tudents by count ing the number of s tudents at 
ins ti tutions which had only type 5 facul ty . In a s imilar way we were also 
able to estimate the number of chemis try s tudents working in nuc lear medic ine 
and radiopharmaceutical chemis try . The only meaningful comparison wi th 
previous s tudies can be made with s tudents working in type 1 - 4 research 
areas . We can only give an upper l imit for that category , s ince after 
subtracting the graduate s tudents in departments with 20lx type 5 and 6 
facul ty , we are s t i l l  left with a mixture of types 1 - 6 . That upper l1m1! for 
types 1 - 4  is 3 2 %  above the 1978  number . 

In contras t the data from the National Research Counc il on numbers of 
PhDs granted per year s ince 1976 ( Figure 6) indicate that the number of 
graduate s tudents in the field has been decreas ing over the pas t decade . The 
NRC survey presumably reflects a narrower de fini t ion of nuc lear and 
radiochemis try , corresponding roughly to types 1 - 4 . 
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TABLE 5 

Nuclear and Radiochemistry Graduate S tudents 
At PhD Granting Institutions 

1960 197 3 1978 
Types 1-4 only ( upper l imit )  9 6  
Typ e  5 only ( lower l imit )  
Typ e  6 only 
Total Graduate Students 2 1 3 2 8 1  102 

1987 
12 7 ( 29 )  

7 1 ( 29 )  
2 5 ( 18 )  

2 2 3 ( 7 6 )  

Numbers in parentheses indicate the number o f  s tudents in that category who 
are at institutions where no nuclear and radiochemis try courses o ffered . 

One surprising result of our survey is the large number of nuc lear and 
radiochemis try graduate s tudents who are enrolled at ins titutions which do 
not offer any nuclear and radiochemis try courses . This is particularly 
evident for type 6 students . 

There are an additional 6 3  graduate s tudents (presumably working for a 
masters degree ) at non- PhD granting . institutions . However ,  20 of those 
s tudents are at ins titutions which offer no nuclear and radiochemistry 
courses and may be working in a peripheral research area . 

CONCWSIONS 

This survey confirms the commonly held view that the opportuni ties for 
academic training in nuclear and radiochemis try in this country are 
decreas ing . We found that the number of faculty and courses of ins truc t ion 
in nuclear and radiochemistry at U . S .  colleges and univers ities is very small  
and at leas t for PhD granting ins titutions has decreased dramatically over 
the pas t decade . Contrary to this trend , the number of graduate s tudents 
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appears to have increased somewhat over this same time period , but this 
increase has probably not been in the core areas of the field . 

The average age of nuclear and radiochemistry faculty is only sl ightly 
older than the average age of all chemistry faculty in the U . S .  However , 
only a few retiring nuclear and radiochemistry faculty are be ing replaced 
with young nuclear and radiochemis try faculty . This is mos t  evident for 
radiochemists who are now an endangered species in U . S .  chemis try 
departments . 

There are very few faculty wo�king in nuclear medic ine and 
radiopharmaceutical chemistry in U . S .  chemistry departments . The present 
faculty in this area , however , are not a particularly old group and are 
relatively successful in attracting graduate s tudents to the field . I t  
should also b e  noted that we surveyed only chemis try departments and that 
some faculty educated as nuclear and radiochemists very like ly res ide in 
other departments , e . g . in medical schools and nuclear engineering 
departments . 
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FACULTY AND COURSE SURVEY 

American Departments of Chemis try 

Return to : Prof . Edward S .  Mac ias , Department of Chemis try , Washington 
Univers i ty ,  S t . Louis , MO 6 3130 

A .  Does your Department offer courses which are devoted all o r  in part to 
nuclear and/or rad�ochemis try? 

1 .  Course title 

Level : ( c ircle one ) 

Lower Div .  Upper Div . Grad . 

Typical enrollment 

Lab work included? Yes No 

If broader course , about what 
t devoted to nuc l/radiochem? 

Yes No ( c irc le one ) 

2 .  Course title--------

Level : ( c i rcle one ) 

Lower Div . Upper Div . Grad . 

Typical enrollment -----

Lab work inc luded? Yes No 

If broader course , about what 
% devoted to nuc l/radiochem? 

B .  I s  nuc lear/radiochemis try material included in general lec ture or lab 
courses? 

Course title ---------------

Approximately what frac tion of the course lecture or lab time is devoted to 
nuc lear/radiochemis try? 

Cont . 
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Faculty and Course Survey , Cont . 

C .  Does your Department faculty include nuclear and/or radiochemists?  I f  so , 
please provide their names and areas of interests specified according to the 
following designations : 

1 .  Fundamental nuclear chemis try - interest in nuclear properties 
( s tructures , reactions , fiss ion ,  etc . ) 

2 . Chemistry of radioactive elements - actinide and lanthanide chemis try ,  
other e lements such a s  Tc , Ra ,  Po , etc . 

3 .  Analytical Appl ications : uses activation analys is , tracers , etc . to 
measure elemental concentrations in geochem , environmental , b iological 
appl ications . 

4 .  Nuc lear probes for chemical studies - e . g . , M6ssbauer e ffect , nuclear 
orientation exper iments , perturbed angular correlations . 

5 .  User of tracer techniques and labe lled compounds . 

6 .  Nuclear medicine and radiopharmaceutical chemis try . 

Faculty Name Primary Field Second Area 
( c ircle ) ( c ircle ) 

1 2 3 4 5 6 1 2 3 4 5 6 

1 2 3 4 5 6 1 2 3 4 5 6 

1 2 3 4 5 6 1 2 3 4 5 6 

1 2 3 4 5 6 1 2 3 4 5 6 

1 2 3 4 5 6 1 2 3 4 5 6 

1 2 3 4 5 6 1 2 3 4 5 6 

1 2 3 4 5 6 1 2 3 4 5 6 

Directs grant 
Research 
< c ircle ) 

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

D .  The number of faculty in these areas in 1 9 7 8  ( date o f  the las t survey 
was .................................. -

E .  1 )  The number o f  graduate s tudents in research in these areas presently : 

2 )  In 1 9 7 8  

Please re turn b y  Sep tember 1 5 , 1 9 8 7  
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I SS 

TYP ES O F  N U C LEAR AN D RAD I OC H EM I STS 
R e s e a rc h  I n te re sts 

1 .  Fu n d a m e nta l n u c l ea r  c h e m istry 

2. C h e m istry of ra d ioa ctive e l e m e nts 

3 .  An a lytica l a p p l icati o n s  

4. N u c l ea r  p ro b es fo r c h e mica l stu d ies 

5.  Tra ce r  tec h n i q u es a n d  l a be l l e d  co m po u n d s  

6 .  N u c l ea r m edic i n e  a n d ra d i o p h a rm a ce utica l c h e m  

Figure 1 .  Categories of nuclear and radiochemis try research interes ts 
used in the survey of colleges and univers ities . 
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Figure 2 .  Trends in numbers of nuclear and radiochemistry faculty in U. S .  

PhD granting institutions since 1960 . Data prior to 1987 were taken from 
references 3 - 5 . The open triangles indicate the number of separate 
departments of chemistry in which these faculty reside . 
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Figure 3 .  Number of nuclear and radiochemistry faculty subdivided by 
research category . No data exist for type 6 chemists prior to 1987 . The 
data for 1978 were taken from reference 3 .  
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Figure 4 .  Age distribution of faculty in PhD degree granting institutions 
in the U . S .  in 1987 . The histogram represents a random sampling of 1400 
chemistry professors . The dashed line is the age distribution of all 
nuclear and radiochemist& . 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


CJ) -+-' 
c 
Q) 
E 

t 
0 
a. 
Q) 

0 
'+-
0 

• 

0 
z 

40 

30 

20 

1 0  

0 
- 1  

I S9 

C LU STER I N G O F  FAC U LTY 

1 978 
1 973 

1 987 
1 963 

0 

0 
� 

·. \ · .. _, . ·. \ . 
. · .. , 

f\\:: ' . \ 
· , �.\ . . 

\ .  ··\ 
' ·, - �  fl.... �, 

· ,  �· · .... . . . 
� 

1 2 3 4 5 6 

N o .  Facu lty Members/Dept 
7 8 

Figure 5 .  The number of nuclear and radiochemis try faculty per chemis try 

department in PhD granting ins titutions . Data prior to 1987 were taken 

from references 3 - 5 .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

T r a i n i n g  R e q u i r e m e n t s  f o r  C h e m i s t s  i n  N u c l e a r  M e d i c i n e ,  N u c l e a r  I n d u s t r y  a n d  R e l a t e d  A r e a s :   R e p o r t  o f  a  W o r k s h o p
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 1 7

http://www.nap.edu/catalog.php?record_id=19117


en 
Q) 

+J 
0 
L 
0 

+J 
(.) 
0 

0 
;= 
Q) 

z 

30 

20 

1 0  

1 60 

P h D ' s  · i n N u.c l e a r C h e m istry 
Nationa l  Research Cou nci l  Data 

0 
0 

0-0 / \ /
0 

o-- .......... o 0 
0 

0 
0 +--+--+-�--���--�-+--+-�--���--��� 
1 975 1 980 1 985 

Yea r  

Figure 6 .  The number of PhDs in nuclear chemistry granted per year since 

1976 as compiled by the Nat ional Research Counc il (private communication , 

1988 ) . 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


APPENDIX F 

TRAINING REQUIREMENTS FOR CHEMISTS IN 
RELATED RESEARCH DISCIPLINES 

G. E. Gordon · 
Department of Chemistry and Biochemistry, University of Maryland 

Colkge Parle, MD 20742 
I. Introduction 

Nuclear methods have proven to be of great value in applications in many fields. Since at 
least the mid-1930s, chemists have used radioactive tracers to observe the behavior of minute 
quantities of various elements, e.g., to determine the absorption and movement of essential trace 
elements in human bodies and in plants, to follow the metabolism of certain sugars or amino acids 
labelled with 14C, or to measure the abrasion of Fe from the cylinder of an engine into the oil 
Other groups of investigators have used nuclear methcxls of analysis, especially neutron activation 
analysis, to determine concentrations of a wide range of elements in samples, mostly from the 
"real" world, that are so complex and/or difficult to dissolve that they are almost impossible to 
analyze by conventional analytical methcxls. Nuclear analyses have been especially useful in the 
analyses of rocks, meteorites and lunar samples by geochemists or cosmochemists and of airborne 
particles and air-pollution source materials such as soil, coal, oil, fly ash, etc. by atmospheric 
environmental chemists. Activation analyses are also used for trace elements in natural waters by 
marine geochemists and in biological tissue and fluids by nutrition researchers; however, neutron 
activation analysis suffers from severe interference from elements such as Na, K, a, Br and P in 
these media, so nuclear methods have not, in general, been as important in these fields as those 
noted above. 

Over the past ten years, another nuclear-related technique has come into wide use in many 
applications in these fields, i.e., Accelerator Mass Spectrometry (AMS). Although AMS essen
tially uses van de Graaff accelerators as highly selective, sensitive mass spectrometers, the method 
allows one to make measurements of isotopic ratios with much smaller quantities of material than 
was ever before possible. For example, the measurement of 14CJ12C ratios can be done with orders 
of magnitude less carbon than that required by � proportional counting of l4C (1). 

How should chemists be trained to use these nuclear methods in research and applications? 
There is no single answer to that question, as there are several levels of sophistication to which 
people may aspire. 

IT. Training for Researchers of the Nuclear Methods 

First, I consider the training of students whose major objective is improvment of nuclear 
methods themselves. Because of my familiarity with nuclear analytical methcxls, I will focus most 
of my attention on them, but the considerations surely apply in the other areas noted. Most break
throughs in the techniques have resulted from the research of people who were at the forefront of 
fundamental nuclear chemistry research. Indeed, one of the earliest activation analysis papers in 
the U.S. was that of Seaborg and Livingood, who inadvertently activated Ga impurities in an iron 
target at the Berkeley cyclotron (2 ) [This was one of the first examples of nuclear chemists' 
awareness that "pure" compounds are not necessarily pure.] Most advances in nuclear analytical 
methods require a detailed knowledge of the nuclear physics of the problem, e.g., cross sections 
vs. energy, scattering theory, thennalization, as well as good knowledge of radiation-detection and 
data-storage and analysis methods. Although I have not personally done fundamental nuclear 

1 6 1  
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research for nearly twenty years, I feel that much of our success in nuclear analytical research at 
Maryland results from our close relationship with faculty and students who are doing fundamental 
research. 

Most advances in detection methods appear first in nuclear rcseareh before flowing into the 
applications areas. In my own case, for example, I became aware of Ge(Li) detectors in 1963 and, 
within one year, our group at M.I. T. was using them for T-ray spectroscopy of fission-product 
nuclei (3). We were aware of the potential value of improved techniques in nuclear analyses as a 
result of the radiochemical activation analysis work of John Winchester's group in nearby 
laboratories (4). The extension of this new high resolution detection method to instrumental neu
tron activation analysis (INAA) was fairly obvious and successful (5). 

In summary, graduate students who wish to advance nuclear activation methods should 
acquire the best possible knowledge of nuclear chemistry and physics. In addition, it is valuable, 
perhaps essential, to have close contact with people who are making use of the methods in applica
tions. Graduate students should also take one or two graduate level courses in analytical chemistry 
in order to gain an understanding of accuracy, precision and the validation of methods by the use 
of standards. Our group at Maryland has been most fortunate in being close to the National Bureau 
of Standards (NBS). Not only do we frequently have seminars given by scientists from NBS, 
who describe the care needed to certify the concentrations of elements in Standard Reference Mate
rials (SRMs), but we also have had the students perform "blind, round robin" analyses of SRMs 
that were under development at NBS, so the true concentrations were not yet known (6). Of 
course, at Maryland as in most departments, we also expect all students to do well in "core" 
courses of the Department, mainly chemical thermodynamics. 

Ill. Training for Research in Related Disciplines 

Graduate students interested in using nuclear methods for research in a related discipline 
don't need quite the depth of knowledge of nuclear physics as those who wish to advance the 
methods; however, they should take as much nuclear chemistry as is available. In addition, at 
Maryland we periodically give an informal "short course" on the theory and practical details of 
nuclear analyses that covers the topic in more depth than is possible within the regular radiochem
istry and nuclear chemistry courses. These courses are open to all interested graduate students, 
undergraduates, technicians, and research associates around the University. They typically last for 
about six sessions of 2 hrs each. Lectures are given by various faculty members and staff, so that 
no one has too great a burden. (Note that, being an informal, non-credit course, no one gets paid 
and it is not officially included as part of a faculty member's teaching load.) We have slowly 
developed the written materials for the course over the years, most of them written by us. The 
course starts with theory and concludes with coverage of the specific software and instruments 
used by our group. 

One reason for our need of a short course is the fact that we have rarely been able to offer a 
radiochemistry laboratory course. We have little equipment that can be devoted solely to a course, 
so have to tie up our research equipment for extended periods. Also, the course makes heavy 
demands on our graduate students, because students of other areas of chemistry are not capable of 
serving as teaching assistants. When we have had a course (or a nuclear "module" within the con
text of physical chemistry laboratory), we have usually had students do a simple INAA experiment 
using the Triga-type reactor at Maryland. I regret that we cannot offer a laboratory course rou
tinely. People at other institutions have argued that they don't need it because nuclear chemistry 
graduate students will learn it all in their research. That is usually not the case, as research usually 
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involves in-depth use of a specific technique, not broad studies involving the range of equipment 
and techniques that should be included in a radiochemistry laboratory course, e.g., coprecipitation, 
counting statistics, use of liquid scintillation counters and �-proportional counters, etc. 

One important reason for not expecting students of related research areas to take courses in 
nuclear physics is the fact that, being on the interface of chemistry with some other discipline(s), 
they need the time to acquire some knowledge of the other discipline(s) (e.g., meteorology for our 
atmospheric chemistry students) as well as of the area of chemistry in which they are doing 
research. When a field is quite young, one can function in that field with a new technique without 
a great deal of knowledge of the field. William Zoller and I, for example, could publish papers on 
concentrations of particle-borne elements in the atmosphere without much prior knowledge on our 

part because no one knew the "right answers" (7). As the field matured, it developed its own body 
of knowledge, which we and our students had to learn to remain competitive. When we started 
offering our two-semester sequence of environmental chemistry courses (covering both air and 
water) at Maryland in the early 1970s, it was a struggle to fmd enough material to make respectable 
courses. The field has advanced so rapidly since then that it is now difficult to squeeze in all of its 
important themes. Students have to work hard to acquire the knowledge needed to do vital 
research, whereas we older citizens of the field have more painlessly lived through its develop
ment 

My special field within atmospheric chemistry is the development of "receptor-modeHng" 
techniques, i.e., the use of detailed composition patterns of particles (and some trace gases) as 
received at ambient field sites to determine the sources of those atmospheric materials and trace 

their movement and deposition (8). It is interesting that nearly all of the "first generation" 
researchers in this field are fonner nuclear chemists or physicists, the major exception being Shel
don Friedlander at UCLA, who is an aerosol physicist. The major reason for this is the fact that 
the development of nuclear and related methods (especially x-ray fluorescence, XRF) was neces
sary before one could acquire the detailed composition patterns needed to make receptor modeling 
feasible. The second and later generation researchers in this field know how to use INAA, XRF, 
etc. in research, but most don't have the backgrounds in nuclear physics and chemistry that the 
first generation does. It gives me much concern that the more recent students think of con
centrations as values printed out by a computer on a reasonably smoothly functioning data-hand
ling system rather than as something derived from the area under a funny shaped peak of a hand 
plot of the y-ray spectrum. However, in the same vein, Manhattan Project nuclear chemists may 
have been concerned that nuclear chemists of my generation never constructed a Feather plot or 
determined a y-ray energy from an absorption curve! Nor do I feel insufficient because I use 
spreadsheets to work on data, although I would have great difficulty developing the software. 

Both environmental and nuclear chemistry students are unique among chemistry graduate 
students in their need for some exposure to statistics. In other areas of chemistry, the measure
ments are usually of an analog quantity rather than of a fmite number of events per channel, as in 
nuclear counting experiments. Furthermore, unlike the case of most environmental studies, 
experiments are done under carefully controlled conditions that can be reproduced in time and 
space. For students in those areas, the error analysis methods of physical chemistry laboratory or 
the calculations of standard deviations as in analytical chemistry are usually sufficient for treatment 
of errors in their research. In contrast, nuclear chemists invariably need more knowledge of statis
tics for extraction of net peak areas from spectra containing small numbers of events, performing 
least-squares fits to determine coefficients of angular correlations, etc. 
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Environmental chemistry students need stronger backgrounds in statistics because of the 
impossibility of controlling the variables in fteld experiments. Careful design of sampling strate
gies can reduce some of the fluctuations, but never completely remove them. The only solution to 
the problem is the taking of rather large numbers of samples and then using powerful statistical 
methods, e.g. , multiple linear regression or factor analysis, to extract the maximum infonnation 
from the data. 

Statistics is usually taught inefficiently by other departments, as they often require a 3-hr 
semester course to cover material that I can cover in about three weeks in our graduate-level 
environmental chemistry course. Furthermore, most introductory statistics courses do not include 
advanced topics such as factor analysis, which are needed by environmental chemists. In my 
view, most students do not need to know the computational details of multivariate methods such as 
factor analysis, as it is more important to understand how to interpret the results. The smaller 
amount of statistics needed by nuclear chemists could probably be taught in about two weeks 
within the radiochemistry or nuclear chemistry courses. Excellent software for personal computers 
is now available for performing simple to sophisticated treatments of data. These could be used 
effectively in having students gain experience in treating complex data sets. 

IV. Short-Term " Retreading" of Non-Nuclear Chemists 

All of us are probably guilty of seeking to flU positions in our research groups with people 
who already have all of the experience that the work will require. From a short-term point of view, 
this is the most expedient way in which to get work done efficiently. However, from the longer 
range point of view, we fail to take advantage of some otherwise excellent people who lack certain 
skills or experience. More important, the people we hire to flt exactly into certain molds get very 
little added breadth from the new position. This is especially unfortunate at the research associate 
C'post-doc") level, which should often be used to broaden the experience of prospective academi
cians. 

The more experience I gain, the more I feel that we would serve ourselves and the field best 
by hiring the best qualifled people even if they don't already have all of the specific skills needed 
for the position, e.g., a very good physical or analytical chemist for a position that requires use of 
nuclear methods. At the Ph.D. level, if the person's graduate school training has been done prop
erly, the person should have mainly learned how to attack problems, not just the latest techniques 
and theories of their very specific area of research. If more of us would hire such people and train 
them in the areas that they need to know, we could overcome the growing shortage of people with 
nuclear skills. At Maryland, we have had good success in a number of cases in training people 
who have previous degrees at the B.S., M.S. or Ph.D. level, but are lacking in nuclear skills . 
This can be done most quickly by having them go through the short course described above while, 
simultaneously, being given "hands-on" experience under the guidance of a graduate student or 
research associate who is experienced in the use of our equipment As this approach lacks the 
depth of training that our graduate students receive, we also recommend that they take or audit the 
radiochemistry and nuclear chemistry courses at the earliest opportunity to get the required back
ground in the field. 

V. Final Comments 

Graduate training in nuclear chemistry, environmental chemistry or the other fields noted 
(geochemistry, cosmochemistry, etc.) has one important difference from that of the classical areas 
of chemistry, namely that courses in these areas are taught at so few universities that very few of 
our entering students hav� any backgrounds in these fields. Entering graduate students in physical 
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chemistry, for example, have had a minimum of two and usually more courses in that field. In 
graduate school, those students probably take two or three more graduate level courses in their 
subdiscipline of chemistry, but at least one of them is usually a part of the C<R of courses taken by 
all students. In contrast, most students interested in the peripheral areas come to us with no prior 
courses and the graduate or upper division courses we require them to take are rarely part of the 
core curricula. Furthermore, as we are working at the interface with another discipline, students 
probably will not have taken courses in that area, e.g., nuclear chemistry students will probably 
not have previously taken nuclear physics courses or environmental chemistry students, courses in 
meteorology, wa= quality, etc. If we do not plan carefully, our students can spend more time 
taking courses than the typical chemistry graduate student. In addition, our graduate students may 
not be able to make a great deal of progress in their research until they have taken some of the 
graduate level courses. 

A further problem for environmental chemistry students is that, by the nature of the field, 
they must usually collect and analyze a large number of samples in order to obtain a large enough 
body of data to observe statistically signifJCant trends. Thus, the time they need to spend on 
research and the sizes of their theses are often much greater than those of students in central areas 
of chemistry. 

Nuclear chemistry students suffer different, but related problems. Most "cutting edge" 
reseaiCh now requires that the research group travel to an accelerator or other large facility to per
form the experiments and bring data tapes home for subsequent analysis and interpretation of the 
data. Usually there is no local facility at which graduate students can afford to "screw up" their 
initial experiments and learn about research from the experience. Trips to facilities are normally so 
few and far between, that the reseaiCh group has to plan very carefully to avoid mistakes, so the 
experiments can't be entrusted to a new graduate student. When the student's own experiment is 
done, he or she is often just a team member responsible for one aspect of the experiment, much as 
high energy physics research has been for decades. Although the student is usually responsible for 
interpretation of all of the data from that experiment, we must be very careful to ensure that he or 
she understands the total experiment. Furthermore, if an experiment fails, the student will be 
delayed for at least one cycle on the facility, lengthening the time in graduate school by months or a 
year! 

The factors mentioned in this section tend to lengthen the time that students in nuclear 
chemistry and related disciplines require to complete their requirements for graduate degrees. I feel 
that Ph.D. degrees should require three to four years beyond the B.S. degree, M.S. degrees (with 
research theses) about two. Unfortunately, five years for a Ph.D. and three years for an M.S. are 
probably more typical for our group at Maryland and I suspect this is the case in many other 
departments offering these areas on the periphery of chemistry. We must fmd ways to keep the 
times shorter. If we develop reputations among prospective graduate students of keeping students 
longer than in conventional areas of chemistry, we will have an even more difficult time recruiting 
students for research and training in these areas . 
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APP!H)IX G 

NUCLEAR AND RADIOCHEMISTRY AT NATIONAL LABORATORIES 

Christopher Gatrousis 

Lawrence Livermore National Laboratory 

Raymond G. Wymer 

Oa/c Ridge National Laboratory 

The National Laboratories, founded during and after the World War I I  
Manhattan Project, were initially focussed on fission energy for power 
generation and for defense applications. Nuclear chemists and radiochemists 
played a central role in all aspects of the early development of nuclear power 
reactors and in providing diagnostic measurements of nuclear explosives. The 
need for trained scientists in  chemistry-based nuclear disciplines was 
recognized at an early stage by the academic community and several 
universities and colleges established formal curricula in nuclear chemistry and 
radiochemistry to address this need. 

Following a period of rapid development and expansion of nuclear
related activities in the 1 950's and 1 960's , public and political sentiments 
regarding the safety and environmental impacts of nuclear power led to a rather 
abrupt decline in the 1 970's. Public and political sentiments regarding the 
development of nuclear weapons also led to a de-emphasis in nuclear 
weapons development during this same period. The activities of the National 
Laboratories slowly evolved, becoming more diversified in energy-related 
research that was not based on the fission process. Even the more mission
oriented laboratories, Los Alamos and Uvermore ,  emphasized growth in laser
fusion , laser isotope separation, and magnetic fusion ;  programs characteristic of 
"big physics". The need for nuclear chemists and radiochemists did not vanish 
with the diversification of programs, although thei r activities centered more on 
applications rather than basic research. Diagnostics for laser imploded fusion 
pel lets , processing of materials for isotope separation, the use of nuclear 
probes in materials studies, the isolation, treatment and disposal of nuclear 
waste, and environmental radiochemistry became new areas that attracted 
nuclear scientists. Although activities related to nuclear power generation 
continued to decline in the late 1 970's, a dramatic reversal in the downward
trend of nuclear weapons development occurred after the election of a new 
administration. Changing National priorities increased the requirements for 
trained nuclear scientists, but the avai labi l ity of new graduates had already 
dimi nished. 
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The need for trained nuclear chemists and radiochemists extends 
beyond the immediate high-visibi lity programmatic requirements and includes 
many areas of research for which people trained in these disciplines are 
required at the national laboratories. Many of these areas are listed in a very 
general way in Table 1 .  Severat of the laboratories have taken steps to develop 
in-house training because their needs for academically trained nuclear 
scientists are not currently being met. 

The DOE Analytical Managers Group has recognized the need for 
training chemists in radioanalytical ski l ls. This group of key managers of 
analytical chemistry organizations throughout the DOE complex is preparing a 
position paper, presently in  draft form, in which they reaffirm the importance of 
research and training in maintaining DOE's "corporate memory" in  this most 
important technical area. The report's recommendations include : 

- development of a compendium of current methodology 
- modernization of radioanalytical chemistry by incorporation of 

advanced methodology 
- investigation of new concepts for radioanalytical chemistry 
- fostering radiochemistry degree programs at selected universities 
- establish radioanalytical train ing centers (or centers of excellence) 

Brief discussions of activities at Oak Ridge, Argonne, Brookhaven ,  
Livermore,  and Los Alamos National Laboratories follow. These activities have 
been undertaken primari ly to train  new employees in the skil ls required to carry 
out radiochemical tasks safely and properly. In some cases, older employees 
take the courses as refreshers or to learn new techniques. 

OAK RIDGE NATIONAL LABORATORY 

Oak Ridge National Laboratory (ORNL) has several divisions which use 
people trained in nuclear chemistry and radiochemistry. These include the 
Analytical Chemistry, Chemistry, and Chemical Technology Divisions. The 
Analytical Chemistry Division has both research and service functions and is 
the largest ORNL user of nuclear and radiochemists. All of these divisions 
experience difficulty meeting their staffing requirements with properly trained 
people to perform necessary tasks. As a result, ORNL has developed several 
courses for training employees in the handling and use of radioactive materials. 
These include : 

1 .  A short lecture course conducted by the ORNL In-house Training 
organization. This course has been offered for several years. 

2. A two-week summer course presented by Oak Ridge Associated 
Universities for the Chemical Technology Division. This course is 
designed to provide new employees with the minimum knowledge 
necessary to handle radioactivity safely and properly i n  a 
laboratory environment. 
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3. An In-depth Analytical Chemistry Division course for BSJMS level 
division members. This course, taught by a senior member of the 
Analytical Chemistry Division ,  is offered expressly because the 
division has been unable to hire enough properly trained college 
graduates, and requires a substantial commitment of t ime from 
teacher and students. 

ARGONNE NATIONAL LABORATORY 

Argonne National Laboratory (ANL) does not offer formal training 
courses in nuclear chemistry or radiochemistry although outside specialists are 
occasionally brought in  to lecture on topics such as plutonium chemistry. The 
Analytical Chemistry Laboratory which is administratively within the Chemical 
Technology Division , has primary responsibi lity for analytical radiochemistry at 
Argonne. Other research and development activities requiring the skills of 
nuclear and radiochemists are also carried out in  Chemical Technology and in  
the Chemistry Divisions. Because of the difficulty in h iring people trained in 
the necessary ski l ls, the Chemical Technology Division places newly hi red 
people to work with staff members experienced in the handling and use of 
radioactive materials. This form of on-the-job training has been in use for more 
than fifteen years. 

BROOKHAVEN NATIONAL LABOBATORY 

Nuclear medicine and radiopharmaceuticals are the major activities at 
Brookhaven requiring a staff trained in  nuclear and radiochemistry. The primary 
need is for scientists trained in both the production and the use of radioisotopes, 
but despite some extraordinary efforts, Brookhaven has had extreme difficulty in  
finding college graduates with these combined skil ls. Scientists trained in the 
area of radiopharmaceuticals are somewhat more available, but the pool of 
American applicants is very smal l. In a recent attempt to hire such individuals it 
became clear that their relevant expertise was primari ly in radiolabe ling, not in 
producing , purifying , and separati ng radioisotopes. 

Because of Brookhaven's inability to find and hire properly trained 
scientists, they have relied heavily on their  experienced staff to train 
newcomers. Untrained individuals are assigned to work with those 
experienced in the techniques of handling radioactive materials, however, 
Brookhaven is giving consideration to providing a formal training program. 

LOS ALAMOS NATIONAL LABORATORY 

Radiochemical weapons diagnostics, basic and applied nuclear physics 
and nuclear chemistry, radioactive isotope production and processing , nuclear 
medicine, actin ide chemistry, radioactive waste management, atmospheric 
chemistry and isotope geochemistry are major activities at Los Alamos that 
require a trained staff in the nuclear sciences. In addition, Los Alamos has a 
substantial effort in  plutonium processing programs that involve al l aspects of 
plutonium chemistry --plutonium recovery from scrap, isolation and purification 
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of plutonium and isotopic separation. The entire spectrum of activities from 
research on the fundamentals of process chemistry to limited production is 
included. Analytical radiochemistry support to the plutonium processing 
programs requi res a significant level of trained staff. 

In-house courses in nuclear and radiochemistry conducted by Los 
Alamos staff members, and occasional ly by outside scientists, have been a part 
of the Los Alamos tradition for many years. 

LAWRENCE LIVERMORE NATIONAL LABORATORY 

Nuclear chemists and radiochemists play a central role at LLNL in 
providing diagnostic information on the performance of nuclear devices for use 
in defense and in peaceful applications. The range of activities at Uvermore 
requi ring the ski lls of nuclear scientists extends beyond diagnostics and 
includes the areas of waste isolation, nuclear properties of materials, fuel  
reprocessing , radionuclides i n  the terrestrial and marine environment, 
separations chemistry, nuclear instrumentation, and actinide chemistry, to name 
a few. 

Although many of these activities reside within the Nuclear Chemistry 
Division. scientists with formal training in nuclear chemistry and radiochemistry, 
many with advanced degrees, reside in Chemistry and Materials Science, Earth 
Sciences , "Y" Division (Lasers), and Environmental Sciences. In-house 
courses have been taught periodically by the Nuclear Chemistry Division, 
main ly to fami l iarize B.S. degreed chemists with radioactivity . separation and 
measurement techniques, and the safe handling of radioactive materials. 
LLNL has an active role in the ACS sponsored summer scholarship program at 
San Jose State University and a smal l number of grants are avai lable to these 
scholarship winners for continuing studies i n  Uvermore's summer student 
program. Uvermore has also conducted summer courses focussed on 
introducing nuclear and radiochemistry into the undergraduate curriculum of 
minority colleges and universities. These summer courses were designed to 
provide intensive training to physics and chemistry faculty members through a 
comprehensive lecture and laboratory program. The minority colleges program 
also includes semester courses at these academic institutions taught by LLNL 
staff members. 

Both Los Alamos and Uvermore are experiencing the loss, through 
reti rement, of a substantial number of thei r "core" group of nuclear and 
radiochemists who have been with these laboratories since their beginnings. 
To some extent, the impact of declining numbers of academically trained 
scientists in nuclear and radiochemistry has been more severe at the two 
defense laboratories because their primary mission relies more heavily on 
these disciplines. Within the next decade, we anticipate the staffing levels of 
academical ly trained nuclear scientists wil l consist of the sixties and seventies 
generations--the period during which the problem of declining faculty, students 
and research funding was first addressed. I ndeed, since the latter part of the 
1 970's Livermore and Los Alamos have had to extend their recruiting strategies 
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to include scientists I n  related fields such as geochemistry and cosmochemistry 
to fi l l  positions that might otherwise attract academically trained nuclear 
chemists and radiochemists. 

The future requirements for academically trained staff at Livermore and 
Los Alamos include scientists having a fundamental understanding of nuclear 
reactions, nuclear structure,  spectroscopy, and theory. Typically , academic 
train ing at the PhD level in nuclear chemistry. nuclear physics. or related 
disciplines is necessary to address the scope and breadth of activities in  
diagnostics R&D and to maintain a healthy base of fundamental research in the 
nuclear sciences. In terms of the expanding missions of these laboratories that 
include i ncreased emphasis on actinide processing , nuclear waste, and 
numerous activities related to special nuclear materials, the need for academic 
train ing in  radiochemistry is already critical. 

In the area of national defense .  the requirement for trained scientists 
extends beyond the National Laboratories and includes activities at production 
plants such as Hanford and Savannah River; process development sites l ike 
Rocky Flats; Mound Laboratory; Idaho Nuclear Engineeri ng Laboratory, the 
future site for plutonium isotope separation ; the Nevada Test Site nuclear waste 
repository. The National Laboratories and related nuclear industries wil l 
continue to provide specialized training to degreed chemists in  areas that are 
unique to their charters and missions, but the broader ski lls, capabi lities, and 
flexibi lity that emerges from formal academic training in nuclear and 
radiochemistry require years to achieve in a focussed working envi ronment. 

Our academic institutions can help alleviate the problem by including 
nuclear and radiochemistry in the required curriculum in  chemical, physical , 
and life sciences. Smal l ,  central , radioisotope faci lities, principally for 
instructional purposes could be established to famil iarize students with 
radioactivity. the use of tracers, separations, counters, and other fundamental 
aspects of radioactive substances. 
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Table 1. ACDVITIES AI NATIONAL LABORATQRIES IHAT REQUIRE 
TRAINING AND SKU .LS IN NUCLEAR CHEMJSJRY ANP/OR 

RAPIOCHEMISTRY 

BASIC RESEARCH 
Chemical reaction mechanisms 
Nuclear reaction mechanisms 
Nuclear property studies 
Heavy element chemistry 
Separations chemistry 
Geochemistry 
Geochronology 
Cosmochemistry 

ANALYTICAL CHEMISJRY 

Tracers in analyses 
Radiochemical analyses 
Activation analysis 
Radiochemical process control 
Instrumentation development 

PROCESS APPUCATIONS R&D 

Radioactive waste treatment 
Radiotracers in process development 
In-line instrumentation 

HEALTH-RELATED APPUCATIQNS 

Radiotracers in bioassay 
Health physics 
Nuclear medicine 

ENVIRONMENTAL APPLICATIONS 

Movement of radioactivity through the biosphere 
Mechanisms of materials transport 

NUCLEAR WEAPONS APPLICATIONS 

Nuclear device diagnostics 
Heavy element chemistry 
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APPEND IX H 

Resourc e Document 
Prepared by Ronald Finn and Joanna Fowler 
Nat ional Ins t i tutes of Health and Brookhaven Nat ional Laboratory 

Train ing Requirements for Chemists in Rad iotracer Deve lopment for 
Nuc lear Med ic ine 

Introduct ion 

Nuc lear med ic ine is one of the most inter- and mult id isc ipl inary 
of the med ical subspec ialt ies today . Althouah proa ress in the pract ice 
of nuc lear med ic ine is d r iven by an intea rat ion of bas ic sc ience , hiah 
technoloay and ��d ical pract ice , it has been the advances made by 
chemists wi th F?�c ial ized train ina in the nuc l ear techno loa ies which 
have pl ayed a ruE.j or role  in shap ina the state of the art as we know it 
today . We feel  that the vit al ity and evo lut ion of nuc lear med ic ine and 
the deve lopment ·and appl icat ion of the new methods and new technoloa ies 
to problems in the bas ic and c l inical research arenas will  cont inue to 
be shaped , in l ara• part , throuah innovat ion in chemist ry and that the 
needs for chem1 R t.111 with advanced t ra in ina wi l l  inc rease for the 
foreseeable future . 

This pane l vas oraan ized to address the current and ant ic ipated 
future shortaae of chemists with advanced t ra in ina to f i l l  pos it ions in 
the nuc lear med ic ine f ield . Althouah hard dat a  and stat ist ics are 
d i f f icult to acquire , we wil l  attempt to hi&hl iaht the impact of 
chemi stry on nuc lear med ic ine and to desc ribe the a rovth of the f ield 
which has l ed to an increas ina need for chemists result ina in the 
current manpower shortaae . We a l so wi l l  make recommendat ions for 
att ract ina Ph . D .  chemists to careers in nuc lear med ic ine research and 
poss ible mechan isms for posta raduate t ra in ina . Solv ina this problem and 
establ ishina a lona term committment and mechan ism for advanced t ra in ina 
is c r i t ically important to meet the current needs of the profess ion and 
to as sure future arovth and innovat ion . 

The Impact of Chemistry 

The appl icat ion of nuc lear chemistry to med ic ine has been 
desc ribed as one of the int e l l ectual f ront iers re l ated to chemistry and 
nat ional ve l l-be ina in the 1 98 5  P �nte l  Report (Opportun it ies in 
Chemistry, Nat ienal Ac ademy Press , Washinaton D . C . , 1 98 5 , paae 26 3 ) . 
This  report also des ianated the • chemist ry of l i fe processes • as one of 
the f ive f ront iers deservina hiah priority . While there are many 
innovat ions in chemistry which have advanc ed the pract ice of nuc l e ar 
med ic ine , there are two areas which have presented a part i cular 
chal l enae and which exemp ify the key rol e  pl ayed by chemist s .  These 
inc lude the deve l opment of hiahly s e lect ive technet ium- 99m labe led 
rad iopharmaceut ical s and the deve lopment of short-l ived rad iotracers for 
pos i t ron emiss ion tomoaraphy ( PET ) . 

Technet ium- 99m :  Of the many c l asses of rad iotrace rs which 
are current ly used in the pract ice of c l inical nuc l e ar 
med ic ine , none has had more of a impact than technet ium- 99m .  
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Today more than 8 5  % of the twe lve mi l l ion nuc l e ar med ic ine 
procedures performed annual ly involve the use of a 
technet ium-99m l abe l ed rad iopharmaceut ical . Technet ium- 99m 
is  ava i l able at low coat from a aene rator and has nearly 
ideal decay propert ies for imag ina . However ,  the ful l 
explo itat ion of technet ium- 99m in nuc lear med ic ine requ i red 
the deve lopment of rad iot racers for imaa ina the brain and 
the he art . To this end , for the past two dec ades , there has 
been a conce rted research effort by several a roups d irected 
to understand ina the chemic al propert ies of this art i f ic ial 
e l ement , the structures of its compounds and the 
re l at ionship of these f actors to bioloa ical spec if ic ity . 
This  fundament al approach has yie lded the recent deve lopment 
of oraan- spec i f ic new technet ium-99m rad iopharmaceut icals 
for d i aanost ic ima. lna of brain and heart . 

Pos it ron Emitte r  RnJ iotracers and PBT : Ove r the past 
f ifteen years , there has been an intense arowth in the f i e ld 
of PBT brouaht about , in maj or part , by the demonst rat ion 
that PBT and short l i9ed pos itron emitt ina rad iot racers 
could be used to proba b iochemical t ransformat ions in the 
l ivina body . Once the poss ibl ity of obt a in ina metabol ic 
informat ion in the l iv ing human brain was demonstflted us ina 
hiahly seleyj ive rad iot race rs such as 2-deoxy-2- [ F ] f luoro
D-g lucose ( FDG ) , and the technoloay ( cyc lotrons , PBT 
instrument at ion , and rad iotracer chemistry )  bec ame  more 
read i ly ava i l able , the number of cyc lot ron-PIT centers 
inc reased f rom f our in 1 9 76 to more than two dozen in 1 98 7  
( Table 1 )  with a proj ected numbe r of 5 0  b y  1 99 5 . Chemists 
have pl ayed a cent ral role in ahap ina the PBT f ie ld as we 
know it today because it i s  throuah research in chemistry 
that re l iable methods for the product ion of the short-l ived 
pos it ron emitters such as c arbon- 1 1 , f luorine- 1 8 , nitrogen-
13 and oxyaen- 1 5  were deve loped , and new short-l ived 
rad iot racers were synthesized . It is noteworthy that whi l e  
P BT  beaan i n  the nuc lear med ic ine f ield , i t  has rap idly been 
adopted as a sc ient i f ic and c l inical research tool in the 
f ields of cardioloay , neuro loay , oncoloay , and psychi atry . 

Deve lopment and Growth of the Field 

Bas i c  and appl ied research in chemistry has pl ayed a maj or role  in 
deve lop ina safe r ,  more eff icac ious rad iopharmaceut ical• for nuc lear 
med ic ine . The part ic ipat ion of chemists in this f ield has increased 
s ignif icant ly ove r  the past two decades . The arowth of the f ield c an be 
at t r i buted in l arae part to susta ined support by the Department of 
Ene rgy ( DOE ) and by the Nat ional Inst itutes of Health (NIH) . New 
deve l opments in rad iopharmac eut icals are rap idly commerc ial ized and 
rad iopharmaceut ical chemistry has become one of the most act ive sub
d isc ipl ines of nuc lear med ic ine . Unfortunately , lona term proa rams to 
add re s s  the inevitable manpowe r short age result ing f rom this rap id 
g rowth are not in p l ace . 
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Fund ina for the deve lopment and appl icat ion of rad iot racers comes 
f rom three maj or sources the DOE , the NIH , the Veterans Admin ist rat ion 
and the rad iopha�aceut ical industry ( see Table 2 for fund iDI for 
nuc lear med i c ine research f rom the DOE ( OHBR) , NIH and the VA ) .  The 
a reatest s ina l• source of cont inuina support oria inated with the Atomic 
Eneray Commiss ion in the fo� of a committment to the med ical 
appl icat ion of nuc lear technoloay . This  miss ion , which bea an nearly 
forty years aao , has cont inued under the aea is of the Bneray Research 
and Deve lopment Aaency and is current ly a mission of the Department of 
Bneray ( Of f ice of Health and Environment al Research ) . It  is  a mis s i on 
characterized by the support of bas ic research in the deve lopment and 
appl icat ion of new rad ionuc l ides and rad iot racers and assoc iated hi&h 
techno l oay , and state of the art instrumentat ion at the nat ional 
l aboratories and fi univers it ies . The deve lopment of technet ium-99m , 
tha l l ium-20 1 and FDG c an be s ita� aa milestones deve loped who l l y  or in 
part throuah DOE support . 

While the DOE ( and fo�rly AEC and ERDA ) has pl ayed and cont inues 
to p l ay the maj or role  in the lona tc� ( over four decades ) support of 
bas ic rese arch in the deve lopmen1 of the tracers and technoloa ies used 
in the current practice of nuc l e a r  mc · ·U c ine , there are also other 
important sources of support for ra� iotracer deve lopment and for new 
cl inical appl icat ions of the nuc lear technoloa ies . For example , the NIH 
supports many investiaators in the deve lopment and appl icat ions of 
rad iopharmaceut icals . In add i t ion , nearly a decade aao , the Nat ional 
Inst itute of Neuroloa ical , Communicat ive Diseases and St roke (NINCDS ) 
recoan ized the potent ial of PET as a sc ient if ic tool for address ina 
problema in the neurosc iences and announced the ava i l ab i l ity of a 
proa ram proj ect arant for the deve lopment and support of a cl inical and 
bas ic neurosc ience research efforts which ut i l ized PET (NIH Guide for 
Grant s and Cont racts , 7 ( 1 1 ) ,  Auaust 1 8 ,  1 9 78 ) . Moreover , the 
announcement acknowledaed that the potent ial appl icab i l ity of PET was 
not rest ricted to problema in the neurosc iences and encouraaed 
col l aborat ions in the deve lopment and use of PET fac i l it ies and services 
for other appl icat ions in med ic ine . Of the s ix inst itut ions which 
shared in the init ial $5 . 7  mi l l ion award , al l st i l l  have act ive PET 
proarama . Numerous other cyclotron-PET centers have been constructed 
s ince that t ime supported by DOE , NIH and other sources . It  is  
ant i c i pated that by the year 1 99 5  as many as 50 cyc lot ron-PET fac i l ities  
wi l l  be  operat ional within the United States . 

Innovat ion in deve lopment of rad iot racers and assoc iated 
instrumentat ion has been accompan ied by a rap id transfer of tecbnoloay 
and inc reased commerc ial i zat ion and intearat ion into the pract ice of 
nuc lear med ic ine . At this t ime , several f irms are committed to the 
deve lopment of  hi&h qua l i ty ,  compet it ive ly priced instrumentat ion for 
nuc l e ar med ic ine . For example , in the PET f ield , state of the art 
sc anners are be iDI marketed alona with rad i o isotope del ivery systems 
that inc lude a compact cyc lotron and chemistry modules based on new 
deve l opment s in rad iotracer synthe s i s . The industrial sector is 
act ive ly address ina the issue of c l inical PET and the instal l at ion of 
compet it ive ly priced systems in hosp ital s to take advant aae of the new 
advance s  in d i aanost ic advant aaes of PET is underway . At the t ime which 
this report was prepared , there were 15 new Computer Technoloa ies 
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Incorporated pos itron emiss ion tomoaraphs ordered and under construct ion 
with 6 in the f ield  ( K .  Hal l iday , CTI , personal communicat ion ) . 
Pos itron Corporat ion has sold ten tomoaraphs within the l ast three years 
and expects to se l l  12 more in 1 988 and proj ects a worldwid• market 
a rowth of 10  un its per year in the research sector and 20-30 units /year 
in the c l inical sector (N . Mul l an i , Pos itron Corporat ion , personal 
communication ) . Bach f ac i l ity rece iv ina one of these units wi l l  require 
one or more chemists to deve lop or ove rsee product ion of the new 
rad iopha�aceut ical s . 

Pe rhaps the a rowth and vital ity of chemistry in nuc lear medic ine 
is be st represented by the profess ional act iv it ies of the chemists 
workina in the f ield . There is an inc reas ina act ive representat ion of 
rad iopha�aceut ical chemists at sc ient if ic meet ina s and in the 
sc ient i f ic l iterature . For example , in 1. 9 7 6 , in response to a arowina 
need for a spec ial  forum for address ina �om� ot the un ique probl ems in 
rad iopha�aceut ical chemistry ,  th• Fir.t lnt:�· ruat ional Sympos ium on 
Rad iopha�aceut ical Chemistry was oraan i�ed . .-:.11<:i · held at Brookhaven 
Nat ional Labo ratory and 1 1 1  pape rs we re presehted . The meet ina has 
cont inued on a b iannual bas is and at the S i�th Inte rnat ional Sympos ium 
he ld in Boston in 1 986 , the re we re 3 1 1  part ic ipant s , 1 74 presentat ions 
and posters . The re is an equal ly st rona reprr. seut at ion of 
rad iopha�aceut ical chemistry at the Annual Soc iety of Nuc lear Med ic ine 
meet ina with a steady inc rease in the numbe r of papers and sess ions 
devoted to present at ions on rad iotracer deve lopment . In 1 9 7 6 , the 
Rad iopha�aceut ical Sc ience Counc i l  ( o f  the Soc iety of Nuclear Med ic ine )  
was establ ished . I t  has arown f rom 1 00 membe rs t o  a current ( 1 98 7 ) 
membe rship of 6 1 6  ( Ernest Rendon , Soc iety of Nuc lear Med ic ine , personal 
communicat ion ) . The re are also conferences on spec ial top ics in 
rad iopha�aceut ical chemistry which are ora an ized on an irreaul ar bas is 
and pape rs on rad iopha�aceut ical deve lopment and app l icat ion are be ina 
presented at a arowina numbe r of meet inas devoted to research in the 
neurosc ience s , in c ard iol oay and in oncoloay , to name a few .  

Current Manpower Shortase 

The output of chemists t ra ined in the nuc lear technoloa ies 
requi red for the nuc lear med ic ine f ield has not kept up with the arowth 
of the f ie l d . As a result , employment opportunit ies for chemists in 
c l inical nucl e ar med ic ine departments and re l ated departments and 
inst itut ions current ly exc eed the supply of tra ined profess iona l s . Many 
new centers ( e spec ially in the cyc lot ron-PET f ield ) are unable to hire 
the t ra ined chemists requi red to set these ins t i tut ions into operat ion 
and establ ished aroups are havina d i f f icul t ies in add ina new staff or in 
rep l ac ina ind ividual s  who have chanaed pos it ions . This problem is 
al ready serious in the cyc l ot ron-PET f ield and the pred icted doubl ina of 
the numbe r of  centers by 1 99 5  in the absence of a s ianif ic ant effort to 
recruit chemists and to prov ide a mechanism for advanced t rainina would 
me an that most of these new cente rs could not be set into operat ion . 

The shortaae of chemists with train ina focussed on rad iochemistry 
and synthet ic techniques resul ts both f rom the overal l slow arowth in 
the numbe r of ava i l able a raduates in chemistry ( Tabl e 3 ) , the l ack of 
act ive recruitment e ffort s on the part of the rad iopha�aceut i c al 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


1 77 

chemistry commun ity and the lack of program. spec if ica l l y  ded icated to 
poataraduate train ing of chemists in the nuclear .. dic ine technoloa ies . 
To exempl ify the f irst part of the problem ,  the n�ber1 of Ph . D .  
chemists produced in the spec ial ized f ie lds of che•i•try haa , for the 
moat part , remained the s ame or haa dec reased over the past ten ye ars . 
Un ivers it ies are f ind ina it diff icul t to f i l l  faculty pos it ions . It has 
been reported that ia 1970 , universit ies and col l eges in this count ry 
graduated 2 2 2 3  doctoral chemists of which 1 8 . 5  I sought ac ademic 
caree rs . The ye ar 1 985 aaw 1 8 3 6  doctoral chemists g raduated of which 
only 8 I cons idered ac ademia aa a career opt ion . A survey t aken in 
1 987 , ind icated that 381 ac ademic pos it ions were avai l able at Ph . D .  
grant ing inst itut ions , many o f  which had rema ined vac ant for two o r  more 
years ( Gas sman , P .  G . , Wi l l  "Chemistry• Bxiat in the Future ? ,  Chem . and 
Eng News , Decembe r 14 , 1 98 7 , paae 5 1 ) .  A neg at ive pub 1 ic image of 
chemistry ( re inforced by the recent traged ies  at Bhnp•� and Che rnobyl ) ,  
the percept ion that chemist ry ia an unatt ract ive prof� , � ion and 
inc re as ing sc ient i f ic i l l iteracy and intuit ive· rial- J �gment s ( S lov i c , 
P . , Pe rcept ion of Risk , Sc ience , 2 3 6 t 280 , 1 98 7 ) , · have ox•cerbated the 
problem result ing in a gradual dec l ine in both the. qual ity and quant ity 
of student s �o elect chemistry aa a career . 

The problems be ina exper ienced in the f ield of chemistry in 
general are ampl if ied for the nuclear med ic ine are a . S ince this 
research spec i alty ia  not a common interest of f aculty members in maj or 
universit ies with graduate prog rams in chemistry ,  there ia a probl em in 
attract ing Ph . D .  chemists to the f ie ld during the t ime when they are 
making c areer cho ices or when they are making dec is ions on advanced or 
spec ial ized training at the postdoctoral leve l . 

Postg raduate training of chemists in the spec ial ized areas of 
rad iotracer rese arch and development haa usual ly t aken pl ace at the 
Nat ional Laboratories or at Universit ies having an act ive nuc lear 
med ic ine research program. and the high technology reaou�cea . This is 
usual ly effected through a l imited number of postdoctoral pos it ions in 
act ive nuc lear medic ine or rad iotracer research proaram. and ia 
restr icted by the avai l able monies for g raduate students and 
poatdoctorala . These pos it ions are almost solely supported by the DOE 
or NIH . However ,  the output of these train ing proaram. haa not been 
suf f ic ient to meet current demands and aa a result , new chemists with no 
advanced trainiDI are frequent ly t ra ined on the j ob in industries or at 
research inst itut ions . The import ant po int is  that there ia present ly 
no formal ized , lons-term committment to support postdoctoral t rain ins 
for the chemists reguired to staff the exi at ins and ant ic ipated c l inical 
and re search f ac il it ies . The problem ia compounded when the needs for 
spec ial ized h i&h technology resource s  ( cyc lot ron or acc e l erator , spec ial  
l icenses , equipment , shielding , etc ) and personne l qual if ied to c arry 
out train ing prog ram. are cons ide red . 

Tra in ins Requirement s 

To meet the current and ant ic ipated needs brought about by rap id 
growth in the rad iot racer deve l opment and PET are as of nuc lear med ic ine , 
chemists with Ph . D . or equival ent train ing in the trad it ional 
subd isc ipl ine s of chemistry ( nuc l ear and rad iochemis t ry ,  organ ic 
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chemistry ,  biochemistry , phys ical chemistry ,  inoraanic chemistry , 
pharmaceut ical chemistry and analyt ical chemistry )  are required . 
Spec ial ized trainin& in the nuc l ear techDoloa ies re l ated to research and 
deve l opment in nuc lear med ic ine is also required , pre ferably at the 
poata raduate l eve l . It  is  important to emphas i ze that mult idiscipl inary 
train ins c annot repl ace a risoroua educat ion in the bas ic princ iples of 
chemistry fo l lowed by spec ial izat ion . 

While  chemists in al l of the subd isc ipl ines l isted above have 
pl ayed a role in the nuc lear med ic ine f ield , there is a part icul ar need 
for ind iv iduals  with t rain iDI in rad iochemistry and synthet ic ( o ra anic 
and inora anic ) chemistry . The type of chemist required for a part icular 
pos it ion also depends on the problems be in& addressed . This i s  not an 
obvious or t r ivial  po int s ince one frequent ly sees employment ad � for a 
rad iochemist when the pos it ion desc ript ion is for an oraani� ch•� J �t . 
Thus whi l e  rad iochemistry ( and to a l e sser extent nuc le:1r cl\ -l&\b '. ,·y ) are 
aene ra l l y  required in research center iDI on the acceler•tor aud r � &ctor 
product ion and purif icat ion of the rad ionuc l ides , it  is  expe rt i • •  in 
oraan ic chemistry which is  essent ial in the deve lopment of synthe t i c  
route s  to new rad iotracers . S imi l arly inoraanic chemistry b � s  pl ayed an 
e ssent ial rol e  in the deve lopment of rad iot racera l abe led with 
techDet ium-99m and other inoraanic rad ionuc l idea . The princ ip l e s  of  
biochemistry and phys ical chemistry are aeneral ly appl ied to the 
evaluat ion of the new rad iotracers , in deve lop in& kinetic mode l s  and in 
deve l op in& a kDowl edae base on the re l at ionship of st ructure to 
bioloa ical behav ior . Pharmaceut ical and analyt ical chemists frequent ly 
address problems in qual ity control and documentat ion for reaulatory 
aaenc ies  althouah this role is  frequent ly undertaken by ind iv idua l s  with 
othe r spec ialt ies . S ince proa re•• in nuc lear med ic ine thr ives on a 
mul t i- and interd isc ipl inary approach , chemists who work effect ive ly in 
this f ie ld aenera l l y  acquire some perspect ive on the problems of other 
d isc ipl ines represented . 

Summary and Recommendat ions 

The re is a current shortaae of chemists at the Ph . D .  l eve l who 
al so have advanced tra iniDI re lated to research in nuclear medic ine . 
The short aae is  espec ial ly ser ious with aubapec ialt ies l ike 
rad iochemistry and synthetic  chemistry ( ora an ic and inora an ic ) . The 
shortaae stems from four maj or f actors ( 1 )  rap id arowth of the f ie ld 
espec ially  the PBT f ie ld , ( 2 )  the dec rease in the number of chemistry 
a raduates , ( 3 )  the low visibil ity of c areer  opportunit ies for chemists 
in nuc lear medic ine research and (4) the l ack of a lona term commitment 
and fund in& for proarams ded ic ated to postdoctoral trainiDI of Ph . D .  
chemists to f i l l  pos it ions in rad iotracer re search and deve l opment . The 
followina recommendat ions focus on address ina the manpower shortaae in 
the nuc l ear med ic ine f ield . Al l of these recommendat ions wi l l  requi re 
support in terma of a lona te� commitment and fund ina to ref l ect  the 
un ique contribut ions of chemistry to the qual ity of l ife and to the 
del ivery of he alth care . 

Proposals  to attract chemists to c areers in nuc lear med ic ine : 
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1 .  Publ ic Re l at ions a The contribut ions of nuc lear .. d ic ine to 
he alth c are should be publ ic i zed in the med i a  ( televis ion and maa az ines ) 
to address the problem of publ ic awarene .. of the contribut ion of 
chemis t ry to med ic ine and to bea in to improve the publ ic imaae of 
chemi stry .  Thi s  should be undertaken by chemi sts and phys i c i ans in the 
f ie l d  of nuc lear med ic ine research with the consultat ion of profess ional 
sc ience wr iters and med ia expert s .  

2 .  Cont act ins Chemistry Graduates a Lectures to araduate and 
underaraduate chemistry students on the contribut ions of chemis t ry to 
advances in the f ie ld of nuc lear med ic ine should be sponsored and take 
pl ace on a reaul ar bas is to contact chemists at the a raduate and 
undera raduate leve l . These lectures should be a iven by chemists who are 
leaders in the f ield , who have act ive re se arch proa r� and who are aood 
spe akers . 

3 .  Present ins Rad iotracer Research in the Gene ral Chemist ry 
Literature : Chemists in the f ie l d  of nuc lear medic ine should write 
review art icles  on research in chemistry in the nuc lear med ic ine f ie ld 
for popular sc ient i f ic j ournal s  re ad by chemists ( for example Sc ience , 
Accounts of  Chemical Research , Chemical Rev iews ) .  

4 .  Sympos ia : Spec ial sympos ia should be he ld at ACS meet ina s on 
rese arch and c areer opportunit ies for chemists in the nuc lear med ic ine 
f ield . The format should be a mixture of informat ion on opportun ites 
for chemists  and rev iews of current spec ial topics and new deve l opments  
in  rad iot racer re search . Reviews should be suf f ic ient ly aene ral to be 
interest iDI to chemists who have no backa round in the nuc lear med ic ine 
f ie l d . Here it  is  important to communicate the vital ity of the f ield  
and the role  that cre at ivity in chemistry has p l ayed in shap ina the 
state of the art . 

Proposals to address advanced tra inins for chemists at the 
sraduate and postsraduate leve l . 

1 .  Internships and Fe l l owships : Internships and fe l lowships 
should be est abl ished at the araduate and postaraduate leve l at 
appropriate nat ional laboraot ries and univers it ies which have the 
required hi&h technoloay f ac i l it ies , act ive nuc lear med ic ine rese arch 
proarams and personne l .  These proarams should also have a structure and 
curr iculum which would enable a araduate chemist to choose a proaram 
which su its a part icul ar c areer aoal . A trainina proa ram could ref l ect 
the character and unique personne l resources and fac i l ities of a 
part i cul ar inst itut ion . The re should be lona term support for these 
proa rams and these proarams should focus on trainina . Proposals  for 
t rain ina proarams could be sol ic ited and compet i t ive ly reviewed by a 
fund ina aaenc ies such as the DOE and NIH . Industrial  support would also 
be  appropri ate . 

2 .  Jo int Faculty Appo intments :  Jo int f aculty appo intments at 
ne arby univers i t ies should be encouraaed for rese arch chemists in the 
nuc l e ar med ic ine f ie ld in non-ac ademic inst itut ions such as the nat iona l 
l aborator ies . This  is  espec i a l l y  import ant in areas such as nuc lear and 
rad iochemistry which are poorly represented in academi a .  Thi s  would 

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

Tra in ing  Requ i rements  fo r  Chemis ts  in  Nuc lear  Med ic ine ,  Nuc lear  Indus t ry  and Re la ted  Areas :   Repor t  o f  a  Workshop
ht tp : / /www.nap.edu/ca ta log .php?record_ id=19117

http://www.nap.edu/catalog.php?record_id=19117


1 80 

increaae the expoaure of chemiatry atudenta to the reae arch act ivit iea 
of chemiata in the nuc lear med ic ine f ield and provide expert iae in 
te aching baa ic couraea auch aa nuc lear and rad iochemiatry at the 
graduate l eve l . 

Theae are only pre l iminary recommendat ion• and it 1• expected that 
input f rom thia workahop wi l l  lead to other propoaal a . 
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Tabl e  1 .  Research and Cl inical Pos itron Product ion and Imag ing Centers in 
No rth America ( 1 98 7 )  ( inc ludes compl eted and deve l op ing cente rs , upd ated f rom 
Wo l f , A .  P .  and Fowle r , 3 .  S .  in Pos itron Emiss ion Tomography , M .  Re iv ich and 
A .  Al avi , ed itors , 1 985 , pages 63-80 ) . 

Bay l or Un ivers ity , Waco , Texas 
Brookhaven Nat ional Labo·ratory , Upton , New York 
Case We ste rn Re serve , Cleve l and , Oh io 
Duke Un ivers ity , Durham, North Carol ina 
Johns Hopkins Un ivers ity , Balt imore , Maryl and 
McMaster Un ive rs ity , Hami l ton , Ontario , Canada 
Mass achusetts General Hosp ital , Boston , Mass achusetts 
McG i l l  Un ivers ity , Mont real , Quebec , Canada 
H .  D .  Ande rson Hospital , Houston , Texas 
Ht . S ina i Hospit al , Mi ami Beach , Florida 
Nat ional Inst itutes of Health , Bethesda , Maryl and 
No rth Shore University Hosp ital , Manhasaett , New York 
Oak Ridae Nat ional Laboratory , Oak Ridge , Tenne ssee 
S l oane Ketter ing Canc e r  Cente r ,  New York , New York 
TRIUMF , Vancouve r ,  Brit ish Columb i a , Canada 
Un ive rs ity of Pennsylvan ia , Phi l ade l phia , Pennsylvan i a  
Un ivers i ty o f  Cal i forn i a ,  Berke l ey ,  Cal iforn ia 
Un ivers ity of Cal iforn i a , I rvine , Cal iforn i a  
Un ive rs ity of Cal iforn i a , Loa Ange l e s , Cal iforn i a  

.. 

Un ive rs ity of Chic aao/Argonne Nat ional Labo ratory , Ch i c ag o , I l l ino i s  
Un ive rs ity of M innesota , Minneapo l is , Minne sota 
Un ive rs ity of Michigan ,  Ann Arbor , Michigan 
Un ivers ity of Tenne ssee , Knoxv i l l e , Tennessee 
Un ive rs ity of  Texas Health Sc iences Cent e r , Houston , Texas 
Un ivers ity of Washinaton , Se att l e , Washington 
Un ivers ity of Wiscons in , Mad ison , Wiscons in 
Washington Un ivers ity , St . Louis , M i s sour i 
West Loa Anaeles  VA Med ical  Cente r ,  Wadsworth Divis ion , UCLA , Loa Ange l e s , 
Cal i forn i a  
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Table  2 .  Fund ina for nuc lear med ic ine research from the Department of Ene rgy 
( Of f ice of Health and BDviroam.ntal Research ) , the Nat ional Inst itutes of  
He alth and the Veterans Administrat ion ( This data  was provided by Dr . John 
McAfee , Upstate Med ical Center , Syracuse , New York) . 

Tot al Nuc lear Percent for 
Asency Med ic ine Funds Rad iopha�ceut ical R and D 

DOE $ 1 7 , 9 1 8 , 000 43 . 4  

NIH $45 , 1 8 6 , 000 a 22 . 2  

VA $ 1 , 3 60 , 000 na 

a inc lude s d i rect and ind irect costs . 
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Table 3 .  Number of 

Doctorate D1ac 1pl 1ae 

Aaalyt ical 
Inora anic  
Nuc lear 
Ora anic 

· Pharmaceut ical 
Phydcal 
Polymer 
Theoret ical 
Chembtry ,  aeneral 
Chemistry ,  other 

TOTAL 

1 83 

araduated doctoral 

1 9168 

2 5 7  
260 

18  
5 10  

58  
293 

72 
41 

290 
104 

1 903 

chemiata 

191 1b 

2 29 
188 

1 2 
494 

52 
2 7 5  

62  
33  

193  
74 

1 6 1 2  

1 5 2  
226 

2 5  
497 

55  
3 5 5  

42 
48 

144 
66 

1 988 

a Summary Report-Doctoral Rec ip ient• from. U . S .  Univers i t iea 
Nat ional Academy Preaa , Waahlnaton D.  C .  
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APPENDIX I 

BADIOPHARMACEUTICAL INPUSTRY 

Maria P .  Liteplo 

Diagnostic Imaging Divis ion 
E .  I .  Du Pont de Nemours & Co . Inc . 

No . Billerica , KA 01862 

Nuclear Medicine 

Nuclear medicine may be defined as a medical diagnos tic specialty which 
uses in-vivo radioactive gamma- emitting compounds , or radiopharmaceuticals , 
whose distribution in the body over time can be detected by external imaging 
with a gamma camera . Although nuclear medicine has played a maj or role in the 
diagnosis and moni toring of a broad spectrum of diseases and disorders for the 
pas t two decades , the general public is  largely unaware of its scope and 
clinical importance . It is a very well established diagnostic imaging modality 
as illustrated by a number of facts : 

o There are nuclear medicine departments in over 3 , 800 hospitals in the 
United States . This comprises all maj or teaching facilities as well 
as the vast maj ority of government- owned and community hospitals . 

o One out of 10 hospitalized patients has a diagnostic nuclear medicine 
procedure performed . 

o There are approximately 600 , 000 nuclear medicine procedures performed 
in the United States each year . This constitutes an annual market of 
$150 mi llion in the U . S .  alone . 

The maj or strength of nuclear medicine is its capacity to provide unique 
diagnostic information .  Other diagnostic imaging modalities including 
radiological (x- ray) procedures ,  magnetic resonance imaging (MRI ) , and 
ultrasound , provide anatomical or structural information ; due to the use of 
radiopharmaceuticals , which are in-yiyo tracers , nuclear medicine can assess 
organ function , such as the adequacy of the blood supply to the heart muscle , 
bile flow and concentration in the gallbladder , and bone metabolic activity . 

Additional advantages of nuclear medicine diagnostics include their 
non- invas ive nature , and low risk . Since radioactivity can be detected with 
very high sens itivity , extremely small amounts of radiolabeled drugs are 
required for imaging . Radiation doses are very carefully controlled in nuclear 
medicine and are generally comparable to those a patient may receive from 
medical x- ray . 
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An example 8f a rapidly growing area of nuclear medicine is the use of 
thallium-201 (2 1Tl) imaging to detect coronary artery disease ( CAD) . 
Frequently , CAD is silent and patients with very significant disease , i . e . , 
severe atherosclerosis of their coronary arteries and consequently severely 
compromised blood supply to their heart muscle , can appear normal at rest . In 
order to elicit the symptoms which will permit the problem to be diagnosed , the 
patient is usually first ��trcised on a treadmill before receiving an 
intravenous inj ection of TlCl in saline solution . Within 3 to 10 minutes , 
the patient is placed on an imaging table and typically three views of the 
heart are acquired with a gamma came28i In the normal subj ect ,  the heart 
muscle extracts and accumulates the Tl+ uniformly , and smooth even 
images of the walls of the heart chambers are obtained . A patient with severe 
coronary artery disease , however ,  does not show this uniform distribution as 
the blood flow , and radioisotope delivery , to certain regions of the heart , is 
compromised . This results in a heart image with "cold spots " . 

Radiopharmaceuticals 

FDA approved ,  commercially available radiopharmaceuticals which are used in 
diagnostic nuclear medicine procedures may be simple radionuclide ions , 
radioactive metal ion complexes ,  or labeled compounds . 

The most useful radionuclides for imaging are those which decay with single 
photon gamma emission in an energy range of 100 - 300 keV and a t112 of several 
hours to days . Radiopharmaceuticals involving the relatively longer- lived 
nuclides are generally shipped as radioactive ready-to-use aqueo�a solutions 
�¥it� the exl��tion of the noble gases ) .  Examples of th�se are 1Tl+ , 

Ga + ,  and I -N- isopropyliodoamphetamine . Nuclides with half- lives in 
the range of a few hours or shorter can be delivered in the form of a 
radionuclide generator if a longer- lived parent isotope is available . The 
generator is generally a chromatography column packed with an organic or 
inorganic ion-exchange medium on which the parent isotope is adsorbed . As the 
parent decays , the daughter isotope grows in and may be eluted with a 
pharmaceutically suitable solvent . A generator , therefore , permits the 
delivery of a short- lived daughter nuclide by utilizing the longer half- life of 
the parent . 

In current practice , technetium- 99m ( 9 9�c) is unquestionably the isotope 
of choice because of its excellent physical §har�§teristics (E1 - 140 keV ; 
t112 - 6 . 0  hrs )  �ijd its availability via a 9 Mo- �c radionuclide 
generator . The Mo parent ( t112 - 66 hrs ) is adsorbed on an alumina 
column and is eluted once �aily in the radioph�g:acy with sterile physiological 
��line solution yielding 9 �c in the form of �co4- . A variety of 

�c- radiopharmaceuticals for a number of imaging applic�gions can be 
prepared by the user on the day of use by combining the �co4- eluate 
with commercially available "kits " , i . e .  freeze -dried mixtures of 
non- Q�dioactive compounds , which rapidly and quantitatively react to produce 
the �c -agent . 

There are no positron-emitting radiopharmaceuticals for PET (positron 
emission tomography) imaging which are currently commercially available or FDA 
approved for general medical use .  Most positron isotopes of medical interest 
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have short to ulfiashort half- l ives , e . g . 11c ,  t112 - 20 min . ; 13N ,  
t112 - 10 min . ; F ,  t112 - 110 min . , and must be produced by a cyclotron 
at the s i te of use . 

In the next decade , a s low but s ignificant growth of therapeutic 
appl ications of radiopharmaceutical• is expected . This new generation of 
agents will require alpha- or beta - emitting radionucl ides which ean produce a 
cytoxic effect within a radiation range of several cell diameters . 

ladiopharmaceutical In4usttY 
The radiopharmaceutical indus try includes commerc ial manufacturers of : 

o medical radioisotopes 

o radionuclide generators 

o labeled compounds , and 

o non- radioactive "kits • for the preparation of 99mrc - labeled drugs . 
There are four maj or radiopharmaceutical manufacturers in the US : 

o E .  I .  DuPont de Nemours & Co . ,  Inc . 

o Mall inckrodt , Inc . , a subsidiary of International Mineral and Chemical 

o Medi - Phys ics , Inc . , a subs idiary of Hoffaan - LaRoche 

o Squibb Diagnos tics 

All four offer a broad l ine of radiopharmaceuticals for current c l inical 
use . With the exception of Squibb , all own and operate cyclotron facil ities 
for the product ion of medical radio isotopes .  Medi - Phys ics , Inc . also operates 
a nuclear reactor . 

A number of smaller companies manufac ture a more l imited l ine of products : 

o Benedict Nuclear produces a l imited number of products based on 
cyclotron isotopes . 

o Amersham has extens ive cyclotron and kit manufacturing fac i l ities in 
England , but its U . S .  subs idiary is cons iderably more l imi ted . 

In addition , there are a number of companies involved in the development of 
radiolabeled ant ibodies as potential radiodiagnostic and radiotherapeutic 
agents . At this time , the ir activities are s t ill primari ly in R&D and c l inical 
testing . Maj or players include : 

o Hybritech , a subs idiary of El i Lilly 

o NeoRx 

o Centocor 
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Several other firms manufac ture devices for the del ivery of 
radiopharmaceuticals ( e . g .  aerosol resp irator s )  and commerc ial cyclotrons for 
the production of medical isotopes , particularly short - l ived pos i tron 
emitters . Although they are not producers of radiopharmaceuticals , the 
development and tes t ing of the ir products may involve work with radio isotopes . 

This report does not include commerc ial nuclear pharmac ies , whose primary 
function is to prepare individual user - ready unit doses of radiopharmaceuticals 
from commerc ial produc ts or hosp ital radiopharmac ies which make , compound , 
and/or dispense radiopharmaceuticals . Manufacturers of in-yitro 
radiodiagnostics , including radioimmunoas says , are also excluded . 

The total U . S .  radiopharmaceut ical indus try , as defined above , employs 
approximately 4500 people ( in 1 9 8 8 , Author ' s  estimate ) .  Although the use of 
radiopharmaceuticals and numbers of nuclear medicine s tudies may be expected to 
increase dramatically in the next decade , employment in the indus try will not 
increase proportionately . 

Activities •nd functions 

Al though the fac il ities , capac i ty ,  and product mix vary from manufac turer 
to manufacturer , a number of common activities and func t ions involving the 
produc tion and handl ing of radioisotopes and labeled compounds can be 
identi fied . It may be surpris ing to those unfamiliar with the indus try that 
relatively few nuclear sc ientists with advanced training in nuclear chemis try , 
phys ics , engineering or health phys ics are employed . S ince many functions 
involving the routine manufacture or tes t ing of radiopharmaceuticals follow 
well - establ ished procedures ,  they can be performed and supervised by 
individuals with more l imi ted training . Sc ientists with advanced degrees are 
primarily employed in those functions which involve non- rout ine handl ing of 
radioact ivity , the development of new procedures , and the instruct ion of new 
personnel . 

o Isotope Production 

Manufac turers with cyc lotron and reactor fac i l i ties employ a number of 
nuclear phys icists or engineers who are respons ible for target 
irradiation and other operations . In addition , these fac i l ities employ 
spec ial i s ts in automation engineering and computer science . A second 
maj or funct ion is isotope purification including target process ing , 
chemical separations , isotope identificat ion and counting , chemical and 
radionucl idic puri ty determinations , and general qual ity control 
te st ing . These ac tivi ties require one to two highly trained 
radiochemis ts per indus try . In addition , all other individuals 
involved in this work need some training in radiochemis try . 
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o Research and Development 

Exploratory research within the radiopharmaceutical industry involves 
the des ign , synthesis , and tes ting of potential new diagnostic produc ts 
and requires specialists in chemis try and pharmacology who have some 
knowledge of radiochemical procedures and handl ing techniques . The 
design and synthesis of organic compounds generally requires 
individuals trained in organic or medic inal chemis try . Compound 
label ing may i�Jolve iodination , performed by organic chemists , or 
labeling with DTechnetium or other metal ions which is the province 
of the inorganic chemist . The tes ting of new radiopharmaceut icals 
involves animal model development , pharmacological characterization , 
and the development of s tructure - activity relationships . This work is 
planned and carried out by individuals trained in pharmacology . 

Product development work and pilot plant operations , including 
formulation R&D , raw mater ial synthesis , and process scale - up ,  requires 
specialis ts in organic and inorganic chemis try as wel l  as chemical 
engineer ing . Once a prototype product has been developed , 
toxicologis ts and medical phys icists need to determine its safety and 
dos imetry . Although all of these individuals need some famil iari ty 
with radiochemis try , mos t  radiochemical procedures are of a routine 
nature . 

o Radiopharmaceutical Manufacture 

The three maj or product groups , radio��cl ide generators , hot products , 
and cold kits for the preparation of DTc agents , involve different 
facilities and procedures .  Generator manufacture involves component 
assembly , parent isotope dispensing , s teril ization , and final eluate 
tes ting . These are developed by mechanical engineers trained in 
automation procedures . The radioactive "hot• products may involve 
labeled compound synthes is such as the preparat ion of iodinated 
compounds , or s imply28�e dispeg,in§ and s teril ization of solutions of 
s imple ions such as Tl+ or Ga + . Individuals trained in 
chemical engineering as well as radiochemis try are needed . The 
manufacture of cold kits is analogous to the manufacture of 
non- radioactive pharmaceuticals . Operations include raw material 
synthesis , solution preparat ion , hatching and dispens ing , 
s teril ization , and in many cases lyophil izat ion . The development of 
procedures and monitoring of operations is generally performed by 
chemical engineers . 

o Qual ity Control and Assurance 

QA and QC employ chemists , microb iologists , and radiochemists , as well 
as individuals with advanced knowledge of regulatory requirements and 
good manufacturing practices ( GMP) . Ac t ivities include qual i ty control 
method val idation , process monitoring and GMP compl iance , as well as 
product tes t ing including radionucl ide pur i ty and concentration , 
s ter i l i ty , pyrogenic ity ,  etc . 
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o Hot Waste Disposal 

Mos t  radiopharmaceuticals for in-yivo diagnostic and therapeutic use 
involve short - l ived nucl ides which can be disposed through radioactive 
decay . However , a number of longer - l ived nucl ides , by - products of 
cyclotron and reactor production , and research compounds for sc ientific 
s tudies need to be handled and disposed in appropriate ways . Was te 
disposal activities include radiochemical analys is , packaging and 
warehous ing for decay , incineration , trapping of volat i les , as well as 
regulatory moni toring . The latter involves interactions with agenc ies 
such as the Nuclear Regulatory Commission ,  Environmental Protection 
Agency , Department of Transportation , and National Ins titutes of 
Health . These activities require individuals with training in 
radiochemistry , was te engineering , and regulatory affairs . 

o Radiat ion Protection 

All s i tes and manufacturing facilities which involve the handl ing o f  
radioactive materials require health phys ics groups who are respons ible 
for monitoring and auditing employee exposure and contamination , 
environmental contamination , and plant and lab emis s ions . In addi tion ,  
these groups are respons ible for clean - up of spills and other 
acc idents , training programs , and regulatory compl iance . All companies 
require individuals with advanced training in health phys ics , 
radiochemis try , as wel l  as potentially other nuclear sciences in this 
area . 

Traininc Needs 

An es t imate of the number of employees and the ir training requirements 
within the radiopharmaceutical industry in the next decade is summarized in 
the attached table . Out of the 5 , 000 people that the total indus try in the 
U . S .  may employ , no more than 100 nuclear sc ientists , with a MS or PhD 
degree in various nuclear specialties , will be required . In addition , 
approximately 2200 employees with respons ib i l i ty for some aspect of 
technical or scientific operations will require a fundamental knowledge of 
radiochemis try . Support personnel , including technicians performing 
routine functions , require some on- the - j ob training on an individual bas i s . 
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Radiopharmaceutical Industry 

Personnel and Training Requirements 

Estimated # 
Of E1Dployees 

Personnel 1990 - 2000 

0 Nuclear Scientists 

Nucl•ar Phys ics , 30 
Chemis try , 

· Engineering 

Radiochemistry 

Medical/Health 
Physics 

o Other Scientists , 
Supervisors , 
Managers , and 
Senior 
Technologis ts 

o Technic ians , 
Lab Support 
Personnel 

o Non- Lab 
Support Personnel 

TOTAL INDUSTRY 

50 

20 

2200 

1 300 

1400 

5000 

Training 
Requirements 

M . S . , Ph . D .  
In Spec ialty 

1 - 2  Semesters 
Radiochemistry 

On• the - j ob 
Training 

None 
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Training Requir .. ents , Credentialing and standards ot 
Practice tor Pharmacists in Nuclear Medicine 

Ronald J .  Callahan 

' 
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Intro4uction 

The profession of pharmacy has traditionally held the 
responsibil ity for the compoundinq , qual ity control , 
dispensinq , and rational therapeutic and diaqnostic use of 
druqs in man and animals . Durinq the last twenty years the 
profession has been underqoinq a dramatic shift from a 
product orientation to a patient orientation resultinq in 
the pharmacist becominq an active member of the health care 
team as an advisor on the rational use of druqs . 

Another siqnificant chanqe in the profession has been the 
evolution of areas of specialty practice . One such area , in 
fact , the first recoqnized specialty within the profession 
of pharmacy , is nuclear pharmacy . The expansion of the 
pharmacist into the use of radioactive druqs is a natural 
one and was spawned by demand from the nuclear medicine 
community to have qualified individuals who could deal with 
the inereasinqly complex nature of radiopharmaceutical& 
which was occurrinq in the late 1960 ' s .  

S ince that time nuclear pharmacy has evolved into a clearly 
defined specialty with several hundred members . The 
specialty enj oys stronq support from professional 
orqanizations , has developed practice standards and has 
been subj ect to a credential inq process to ensure the 
competence of practitioners in the field . 

As the specialty has evolved , so have the educational 
proqrams available to train individuals interested in 
purusinq a career in nuclear pharmacy . Traininq proqrams 
have p�oqressed from the primarily "on the j ob traininq" of 
the 1960 ' s  and early 1970 ' s  to the current availabil ity of 
structured proqrams within colleqes of pharmacy at the 
underqraduate , Master of Science , and Doctor of Philosophy 
level . In addition , residency proqrams are available for 
advanced cl inical traininq . 

currently , nuclear pharmacists are employed in several 
different practice settinqs . The larqest number of nuclear 
pharmacists are employed in the commercial nuclear pharmacy 
industry . In this industry , a centralized facil ity provides 
unit dose radiopharmaceutical& to hospitals and cl inics 
within a qeoqraphic reqion . It has been estimated that 60% 
of radiopharmaceutical doses are now dispensed throuqh this 
mechanism . 

Maj or medical centers , and medium to larqe hospitals also 
employ nuclear pharmacists . At these institutions the 
pharmacist has a maj or role in research and teachinq 
activities in addition to providinq routine 
radiopharmaceutical services . 
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To a much lesser degree , nuclear pharmacists are employed in 
the radiopharmaceutical industry and government agencies . At 
this time , the potential contributions of nuclear 
pharmacists to these areas needs to be emphasized . 

This paper will review the practice requirements for nuclear 
pharmacists as adopted by the profession in the Nuclear 
Pharmacy Practice Standards . In addition , the process by 
which special ists in this area are currently certified wil l  
be reviewed . The currently existing training programs wil l  
also be presented and correlated to the practice settings 
for which a graduate may be qual ified . current demand for 
nuclear pharmacists wil l  be reviewed . 

creation of thl aoart of lb&zaaaegtiaal Specialties 

In January 1 9 7 3 , in response to pol icy adopted in 1971 by 
the American Pharmaceutical Association House of Delegates , 
a Task Force on Specialties in Pharmacy was created by the 
APhA Board of Trustees to consider the issue of 
special ization in pharmacy practice and to recommend a 
mechanism for recognition of specialties and the 
certification of special ists . In pursing its assignment , 
the Task Force collected and considered information obtained 
from within the profession of pharmacy as well  as from other 
health professions and the publ ic in terms of the potential 
impact that the creation of specialties would have on 
developments in education and the resulting improvement in 
the del ivery of health care . on the basis of its study , the 
Task Force on Specialties in Pharmacy concluded that there 
was , in fact , a publ ic need to be served through the 
recognition of specialties in pharmacy and that there were 
potential areas which , in time , might be recognized as 
specialties . It thus recommended the establ ishment of an 
independent decision making authority . The Board of 
Pharmaceutical Specialties ( BPS ) was created on January 5 ,  
197 6 when the membership of the American Pharmaceutical 
Association approved the BPS Bylaws . 

To insure that specialty recognition and the cert i fication 
of qualified persons in an identifiable specialty area would 
result in real benefits to society , the Task Force also 
developed and recommended seven criteria for designating 
specialty areas in pharmacy practice . These criteria 
( demand , need , number of practitioners , special ized 
knowledge , special ized functions , education and training and 
transmiss ion of knowledge ) guarantee that the area of  
special ization is one in which there exists a significant 
and clear health card demand to provide the necessary publ ic 
reason for certification . 
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Specialty Council oD IQclear lharaaay 

As part of the credential ing process , the BPS Bylaws call  
for the establ ishment of a Specialty Council for each 
designated specialty area to develop standards and other 
requirements for certification and recertification based on 
the seven criteria adopted by the BPS . In the instance of 
nuclear pharmacy , members for the Specialty Council were 
selected from the Section on Nuclear Pharmacy ( SNP) of the 
APhA Academy of Pharmacy Practice . The BPS designated the 
SNP as the appropriate group from which the s ix nuclear 
pharmacist members would be selected since the Section 
represented the largest group of nuclear pharmacists ( it 
still does ) and it had been the driving force behind the 
petition for specialty recognition . The other three members 
of the Specialty Council are non-nuclear pharmacists . The 
composition of the Specialty Council is to assure from the 
beginning that input into the development of standards and 
other requirements for certification will  truly reflect a 
level of competence that is beyond that of general 
practitioners in the field . 

stap4ar4a of Practice for IUClear lbar.acy 

As is general ly accepted , practice standards provide for 
certification by establishing a level of performance to 
which those who wish to be certified can be held 
accountable . In 197 6 , in anticipation of the petition to 
the BPS , a group of nuclear pharmacy practitioners from the 
SNP met to begin the process of developing standards of 
practice for nuclear pharmacy . With the assistance of a 
consultant , a task analysis was undertaken to identify the 
areas of responsibil ity for contemporary nuclear pharmacy . 
After 18 months of drafting , editing and val idating 
processes , involving a large number of pharmacists actively 
engaged in nuclear pharmacy practice , a statement of 
responsibil ities ( standards ) was at hand . The current 
standards of practice result from a reval idation study which 
was completed in 1984 . 

As the practice of nuclear pharmacy evolved , and more 
practitioners assumed broader respons ibil ities within the 
scope of nuclear pharmacy practice , it became clear that the 
standards of practice adopted in 1978 were in need of 
reval idation . The review process resulted in a new task 
analysis and another survey of the known population of 
practicing nuclear pharmacists . In 198 5 , an open hearing 
was held on the circulated draft standards . Comments were 
incorporated into the current document . ( See Appendix I )  

In drafting the original standards the Committee recognized 
the need to address areas of responsibil ity , based on the 
val idated nuclear pharmacy task analysis , which were common 
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to all practitioners of nuclear pharmacy in a wide variety 
of professional environments . The Committee recogni zed that 
standards could not encompass the entire ranqe of activities 
performed by nuclear pharmacists , but rather are useful in 
providinq quidance to nuclear pharmacists in the performance 
of a representative number of important functions . It is 
recognized ,  however ,  that as a professional practitioner , 
the nuclear pharmacist reserves the riqht to exercise 
professional j udqment as appropriate to the provisions of 
quality nuclear pharmacy services . 

These standards address only areas of responsibil ity which 
are unique to nuclear pharmacy , as an area of pharmacy 
practice , and are intended to supplement the competency 
based practice standards for pharmacy in general which 
resulted from ' the APhA/AACP Continuinq Competence in 
Pharmacy Proj ect . Moreover ,  it is recoqnized that nuclear 
pharmacists practice in a wide variety of settinqs and 
therefore areas of responsibil ity may vary siqnificantly in 
individual practice . It is further recoqnized that 
individuals not under the supervision of nuclear pharmacists 
may perform some of the tasks indicated in these standards . 
It is not the intent of these standards , however ,  to qovern 
the activities of these individuals . 

leoogRitioa of IQclear rba�cy •• a Specialty 

The BPS received the petition for specialty recoqnition from 
the nuclear pharmacy qroup in the fal l  of 1977 . on June 19 , 
1978 , after nine months of investiqation and del iberation , 
the BPS recognized nuclear pharmacy as the first specialty 
in pharmacy practice . The submitted petition provided 
evidence that a demand and a need existed for a nuclear 
pharmacy specialty : that substantial numbers of pharmacists 
were practicinq in the specialty : that a special ized 
knowledqe base existed : that functions performed were 
clearly beyond the ranqe of functions performed by qeneral 
practitioner pharmacists : that there existed education and 
traininq proqrams which has as their exclusive purpose the 
preparation of pharmacists to practice in the specialty ; and 
that a substantial opportunity existed for the transmiss ion 
of knowledqe and scientific information in the specialty . 

Rqclear lbar.acy Specialty certificatioa lzaaiaatioa 

Development of the Nuclear Pharmacy Specialty Certification 
Examination ( NUSPEX) by the Specialty Council fol lowed . The 
purpose of NUSPEX is to discriminate between the minimally 
competent special ist and nuclear pharmacist appl icants who 
do not demonstrate such competence . To accompl ish the first 
step in this discrimination process , qual ifications to sit 
for the certification examination are set in advance . The 
pass-fail criteria for the examination are also set in 
advance , based on a key public purpose of specialty 
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cert i fication , i . e . , identification of those who demonstrate 
the level of proficiency shown to be essential for qual ity 
patient care . There are currently 112 Board Cert i f ied 
Nuclear Pharmac ists . 

One recent development which has been affected by 
cert i f ication of nuclear pharmacist is the revis ion of 
Nuclear Regulatory Commiss ion regulations governing the use 
of by-product material in humans . In 10 CFR Part 3 5  
cert i f ication in nuclear pharmacy by the BPS i s  recognized 
as an acceptable credential for an individual to serve as 
radiation sa fety off icer . It is antic ipated that additional 
such recognition of cert i fication wil l occur . 

Cgrrioulua QoDteDt for Bqclear lbara&oy rroqr .. a 

The curriculum outl ine shown in Appendix I I  has been adapted 
from Model Guidel ines for Nuclear Pharmacy Tra ining which 
are being prepared by the Section on Nuclear Pharmacy of the 
American Pharmaceutical Association . The outl ine describes 
those areas of nuclear pharmacy education expected to be 
included in formal lecture and laboratory courses . 

The goal of these guidel ines is to provide guidance to 
pharmacy school s ,  educators and nuclear pharmacy preceptors 
who are engaged in education and tra ining of nuclear 
pharmac ists . The informat ion provided in the guidel ines 
l ists those areas that a minima l ly competent nuclear 
pharmacist should be exposed to during his/her tra ining 
program . In this way it is expected that the student wi l l  
acquire a cons istent level o f  spec ial ized knowledge and 
ski l l  needed to practice nuclear pharmacy in an independent 
and competent manner . It is also expected that an individual 
who successfully matriculates through a program meet ing 
these gu idel ines wi l l  be el igible to ga in authori z ed user 
status from the Nucl ear Regulatory Commiss ion or agreement 
state agency . 

llperieDtial CowpoDeDt 

The experiential component of nuclear pharmacy tra in ing is 
intended to provide the student with hands-on experience 
handl ing radioactive material s . This port ion of tra ining 
should be carried out in nuclear pharmacy under the 
direct ion of a registered pharmacist who is an authorized 
user of radioact ive material .  The student wi l l  qain 
experience in all aspects of providing radiopharmaceut ical 
services to one or more inst itutions . This component wi l l  
cons ist of 500 hours . 

WUclear Pbaraacy TraiDinq Proqr .. a 

There are 7 2  col l eges of pharmacy in the United States . The 
undergraduate degree is a 5 year program encompass ing the 
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phys ical , biological , behavioral and pharmaceut ical science 
as wel l  as the humanit ies and l iberal arts . There is a maj or 
cl inical component to all pharmacy programs . Most col leges 
of pharmacy also offer graduate programs in various 
pharmaceutical sciences . 

In a survey completed in January 1988 by Pro fessor Will iam 
Hladik of the Univers ity of Hew Mexico , all col leges of 
pharmacy were pol led as to the existence of nuclear pharmacy 
tra ining programs at the ir institutions . The results of this 
survey provide a comprehensive assesment of the ava i labil ity 
of nuclear pharmacy training at this time . A synops is of the 
survey results is presented here with permiss ion of 
Professor Hladik . 

The scope of programs in nuclear pharmacy ranged from a few 
lectures within a medicinal chemistry course to Ph . D . 
graduate programs . With 7 0  of the 72 col leges responding , 4 4  
schools reported that they offer a complete course in 
nuclear pharmacy , 11 of which are required courses . 

There are 1 1  col leges of pharmacy which offer comprehens ive 
programs in nuclear pharmacy . These programs include 
undergraduate elective series at the B . S .  or Pharm . D . level 
and graduate programs at the M . S .  and Ph . D .  l eve l s . A 
comprehens ive program is de fined as one which provides a 
suf ficient number of hours to meet NRC requirements for 
authori z ed user status . 

Appendix I I I  contains a l ist of the col l eges of pharmacy 
al ong with the number of graduates reported for the last 5 
years including the Class of 1988 . 

It should be emphas ized that many of the graduates ,  
espec ial ly at the B . S .  level , have not pursued a career in 
nuclear pharmacy fol lowing graduat ion . Many students find 
nuclear pharmacy of academic interest but are lured into 
other careeer options in pharmacy fol lowing graduat ion . 
Steps should be taken to encourage students to ma intain 
interest in nuclear pharmacy as a career opt ion . 

Graduates of B . S .  programs with spec ial tra ining in nucl ear 
pharmacy are primarily empl oyed in commercial nuclear 
pharmac ies and in medical centers as sta ff nuclear 
pharmac ists . At the Masters and Pharm . D . level , graduates 
are primarily employed in medical centers as directors of 
nucl ear pharmacy . Univers ities and maj or medical centers 
with act ive teaching and research programs are the pract ice 
sett ings for nuclear pharmac ists at the Ph . D .  l evel . 
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CgrreRt Dwaap4 for lgalear lbara&Ciltl 

The demand for nuclear pharmacists varies cons iderably with 
the practice setting . The l argest number of nuclear 
pharmacists are employed in the commerc ial nuclear pharmacy 
industry . It is in this area that the greatest demand 
currently exists . For example , the largest commerc ial 
nuclear pharmacy , Syncor International , Inc . , has an annual 
requirement of so trained nuclear pharmacists • This number 
is needed due to turnover , promot ions and expans ion . The 
inabil ity of col leges of pharmacy to provide an adequate 
number of graduates has prompted Syncor to establish its own 
formal training program . Even with such programs , certain 
geographical locat ions sti l l  suffer from lack of qual i fied 
nucl ear pharmacists . 

In the commercial nuclear pharmacy sett ing the demand is 
geatest for nucl ear pharmac ists tra ined at the B . S .  level 
with completion of a spec ial i z ed series of elect ives in 
nuclear pharmacy . Col l eges of pharmacy which currently offer 
such e lectives should strive to continue and expand 
enrol lment in these programs . Additionally , other col leges 
of pharmacy should expl ore the possibil ity of attract ing 
faculty members qual i fied to offer these spec ialty courses 
thus adress ing the current and future demand for tra ined 
nucl ear pharmacists at this level . 
Many fewer pos itions are ava ilable in academic inst itutions 
and hospita l s . Traditional ly ,  the turnover rate in these 
sett ings has been much slower with some pos it ions at maj or 
medical centers having been occup ied by the same individual s  
for greater than 1 5  years . Whereas a commerc ial nuclear 
pharmacy may employ several nuclear pharmacists , an 
academica l ly based fac i l ity may employ only one or two . 

Likewise , the number of new pos itions for nuclear 
pharmacists being created in hosp itals and medical centers 
has been low .  This is partially due to the impact of the 
commerc ial nucl ear pharmacies and part ial ly because some 
nucl ear medic ine departments have been slow to recogni z e  the 
potential benefit a nuclear pharmac ist can impart on a 
department . 

In some areas of the country groups of small to medium s i z ed 
hosp itals in a region have participated in shared nuclear 
pharmacy services . This concept allows each hosp ital to 
benefit from the services of a nuclear pharmacist without 
having to support the position ent irely . This concept could 
possibly be one which is competit ive with commerc ial nuclear 
pharmacies or to provide this service in an area not 
currently be ing served by a commercial pharmacy . Expans ion 
of this conept wi l l  increase the qual ity of 
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radiopharmaceutical services and provide additional practice 
settings for nuclear pharmacists . 

For the calendar year 1 9 8 7  there were 1 0  classi fied 
advert isements for pos itions available for nuclear 
pharmacists . Of these only one was for a commerc ial nuclear 
pharmacy . At this time , this author is aware of two 
additional academic pos itions open . 

There fore , an informal survey has revealed that there is an 
est imated e ight to ten academic pos itions which were 
ava ilable during 1 9 8 7 . Several rema in unf i l l ed as of this 
writing . Additiona l ly , the largest commerc ial nucl ear 
pharmacy , which holds the vast maj ority of the market , has 
an annual need of 50 trained nucl ear pharmac ists . 

When the data in Appendix I I I  is converted to average annual 
graduates one finds that there are 3 7  B . S . /Pharm . D . , 8 M . S .  
and 4 Ph . D . nuclear pharmac ists graduat ing annua l l y . This 
number is insuf ficient to meet the est imated demand which 
currently exists for trained nuclear pharmacists at al l 
levels . 

Nuclear pharmacy has suffered from some of the same problems 
as other nuclear related industries . A general ant i-nuclear 
att itude coupled with a perceived fear of radiation has had 
its impact on recruitment of pharmac ists into nuc l ear 
pharmacy . In addit ion , there is a nationwide shortage of 
pharmacists in all pract ice settings . This has resulted in 
very attract ive salaries in areas such as reta i l  cha in 
pharmacies thus graduates are entering these more 
traditional pract ice sett ings . 

Nuclear pharmacy is the first recognized spec ialty in 
pharmacy . Practitioners contribute to nuclear medic ine by 
providing routine radiopharmaceut ical services , 
participating in teaching programs and by serving as an 
important member of many research teams . The involvement of 
nucl ear pharmac ists in areas such as pos itron emission 
tomography and s ingle photon tomography wi l l  only increse 
the demand for highly trained profess ionals in the future . 

There are several tra ining programs in col leges o f  pharmacy 
throughout the country . Model curriculum guidel ines should 

. be adopted by these col leges to ensure that all nuclear 
pharmac ists rece ive training in the appropriate areas . 
Demand exists for individual s  tra ined at the undergraduate 
and graduate l evels . Undergraduate spec ialty elect ive 
programs should be encouraged to meet the current demands 
in the commerc ial nuclear pharmacy industry . 
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Formal tra ininq in radiochemistry is lackinq in most nuclear 
pharmacy traininq proqrams . This is partly due to lack of 
such courses in universa ity chemistry departments . A 
special i zed proqram in radiochemistry ava ilable to students 
in nuclear pharmacy would be of qreat value especially at 
the qraduate level . 

A shortaqe of trained nuclear pharmacists currently exists . 
Althouqh there are s iqnificant numbers of students 
completinq proqrams in nuclear pharmacy , these numbers are 
inadequate to meet current demand and many do not pursue a 
career in the specialty fol lowinq qraduation . The 
profession should take steps to encouraqe students to 
continue in nuclear pharmacy . Manaqement in the various 
practice sett inqs should strive to make employment more 
des irable and competitive throuqh review of salary and 
bene fit proqrams . 

It is ant icipated that nuclear pharmacists will cont inue to 
make maj or contributions to nuclear medicine in the future . 
Pract it ioners and educators should cont inue to work toqether 
to ensure that an adequate number of competent pratitioners 
is ava i l able to meet the demand . 
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NUCLEAR PHARMACY PRACTICE STANDARDS 

Nuc lear pharmacy is a basic pharmaceutical service which has been defined 

as follows : 

Nuclear pharmacy is a patient-oriented service that embodies the 

scientific knowledge and professional judgement required to improve and 

promote health through assurance of the safe and e fficacious use of 

radioactive drugs for diagnosis and therapy . 

A nuclear pharmacist shall possess an active pharmacist license in the 

state where practicing and shall have received didactic instruction or 

supervised professional experience in the practice of Nuclear Pharmacy . 

The practice of nuclear pharmacy is composed of the following general 

areas : 

1 .  The procurement o f  radiopharmaceuticals 
2. The compounding of radiopharmaceuticals 

3 .  The performance o f  routine quality control procedures . 
4 .  The dispensing of radiopharmaceuticals 

s. The distribution of radiopharmaceuticals . 
6. The implementation of basic radiation protection procedures and 

practices. General considerations ; personnel monitoring ; receipt 
of radioactive materials ; storage , transfer and shielding ; 
security ; safety ; equipment calibration ; environmental 
monitoring ; radioactive wastes ; posting of areas ; and evaluation 
or radiation protection. 

1 . Consultation and education to the nuclear medicine community , 
patients , pharmacists , other health professionals , and the 
general public regarding: 
a .  The physical and chemical properties o f  radiopharmaceuticals 
b. Pharmacokinetics and biodistribution or radiopharmaceuticals 
c .  Drug interactions and other factors which a l ter patterns of 

distribution 
8 .  Research and development o f  new formulations . 

Copyright © National Academy of Sciences. All rights reserved.

Training Requirements for Chemists in Nuclear Medicine, Nuclear Industry and Related Areas:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=19117

http://www.nap.edu/catalog.php?record_id=19117


206 

Appendix U 

Model Curriculum Guideline 

Proposed by the Educational Affain Committee 
Section on Nuclear Pharmacy 
American Pharmaceutical Association 
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curriculum OUtl ine 

1 . 0  Radiation Physics and Instrumentation 

1 . 0 1 Structure and Properties of Atoms 
1 . 0 2 Radiation and Radioactive Decay 
1 . 0 3 Decay Schemes of Radionucl ides 
1 . 04 Sequent ial Decay 
1 . 0 5 Production of Radionucl ides 
1 . 0 6 Interaction of Radiation with Matter 
1 . 0 7 Instruments for Radiation Detection 

2 . 0  Mathemat ics of Radioactivity use and Measurement 

2 . 0 1 Radioactivity 
2 . 0 2 Radiopharmaceutical Compounding and Dispens ing 
2 . 0 3 Generator Operation and Use 
2 . 0 4 Count ing statistics 
2 . 0 5 Qual ity Assurance Calculations 
2 . 0 6 Medical Internal Radiation Dose Calcul ations 
2 . 0 7 Pharmacokinetic Calculat ions 

3 . 0  Radiation Protection 

3 . 0 1 Interaction of Radiation with Matter 
3 . 0 2 Units of Radiation Measurement 
3 . 0 3 Occupational and Non-occupational Exposure 
3 . 0 4 Principles of Radiation Protect ion 
3 . 0 5 Personnel Monitoring and Precaut ions 
3 . 0 6 Area Monitoring 
3 . 07 Radioactive Package Handl ing Procedures 
3 . 08 Radioactive Waste Disposal Methods 
3 . 09 Regulatory Cons iderations 
3 . 1 0 Radiat ion Sa fety 
3 . 1 1 Radiation Accidents 

4 . 0  Radiation Biology 

4 . 0 1 Interact ion of Ioniz ing Radiat ion with Matter 
4 . 0 2 Units of Energy Trans fer 
4 . 0 3 Biological Effects of Depos ited Energy 
4 . 0 4 Radiat ion Chemistry in Aqueous Systems 
4 . 0 5 Radiation Effects on Macromolecules 
4 . 0 6 Radiation Dose Response CUrves 
4 . 0 7 Cel lular E ffects of Radiation 
4 . 0 8 Radiation Genet ics 
4 . 09 Radiation Effects on Tissues and Organs 
4 . 1 0 Factors Affecting Radiation Inj ury 
4 . 1 1 Rad iosens it ivity of Embryo and Fetus 
4 . 12 Del ayed Effects 
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5 . 0  Radiopharmaceutical Chemistry 

5 . 0 1 Phys ico-chemical Properties of Radiopharaaceut icals 
5 . 0 2 Radiopharmaceut ical Chemistry 
5 . 0 3 Qual ity Control of Radiopharmaceuticals 
5 . 04 Technetium Radiopharaaceuticals 
5 . 0 5 Iodine Radiopharmaceuticals 
5 . 0 6 Radiolabeled Blood Cells 
5 . 07 Gal l ium and Indium Radiopharmaceuticals 
5 . 08 Phosphorus Radiopharmaceut icals 
5 . 09 Chromium Radiopharmaceuticals 
5 . 1 0 Cobalt Radiopharmaceuticals 
5 . 1 1 Radioactive Gases 
5 . 1 2 I ron Radiopharmaceuticals 
5 . 1 3 Selenium Radiopharmaceuticals 
5 . 14 Thal l ium Radiopharmaceutical& 
5 . 1 5 Ytterbium Radiopharmaceut icals 

6 . 0  Cl inical Appl ications of Radiopharmaceuticals 

6 . 0 1 Diagnost ic Imaqinq Procedures 
6 . 0 2 In vivo Function Studies 
6 . 0 3 In vitro studies 
6 . 0 4 Therapeutic Procedures 
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with Nuclear Pharmacy Training 

209 

Compiled by: Professor William Hladik 
Univenity of New Mexico College of Pharmacy 
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Graduates with Nuclear Pharmacy Training 

Col lege 88/Pharm. D. /Besidency M . S .  Ph . D. 
Temple 2 0  

Purdue 54 4 3 

Mass . College 
of Pharmacy 48 

Ked . Univ . 
So . Carolina 5 

Mercer 14 

Kentucky 15 1 

u .  So . 
Cal i fornia 2 3  5 

Oklahoma 9 7 

Oregon St . 6 1 

Univ o f  
Pac i fic 3 

New Mexico 2 3  3 
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Scott W .  Landvatter , Ph . D .  
Sm i th K l i ne A French Laborator i es 

P .  0 .  Box 1539 
K i ng of Pruss i a ,  Pennsy l van i a  19406 

The d i scovery of a rt i f i c i a l  rad i oact i v i ty by I rene C u r i e  a nd F r ed e r i c  
Jo l i ot i n  1934 has had a tremendous i mpact on  both sc i ence a nd soc i ety a s  a 
who l e .  Yet , i n  the more than 50 yea rs that ha ve passed s i nce th i s  d i scovery , 
the i mpo rta nce of rad i oact i v i ty a nd i ts a pp l i c a t i o n  i n  d i v e rse sc i en t i f i c  
a rea s has been w i de l y  u n recog n i z ed a nd u n a pp rec i a ted . O n e  examp l e  i s  the 
v i ta l  ro l e  that rad i oact i ve i sotopes p l ay i n  med i c i ne a nd the deve l opment of 
new drugs . It i s  on th i s  l atter aspect , the deve l opment of new d r ugs , that I 
w i sh to focus my attent i on .  

Th i s  report w i l l  exam i ne rad i ochem i stry i n  the pha rmaceut i ca l  i nd u stry i n  
fou r a reas . F i rst , the c u r rent status of rad i oc hem i stry a nd the d ema nd f o r  
rad i ochem i sts w i l l  be assessed . Second , the app l i cat i ons o f  i sotopes i n  the 
pha rmaceut i ca l  i nd ustry w i l l  be deta i l ed .  Th i rd ,  the tec h n i q ues wh i c h a re 
requ i red by the rad i osy nthet i c  chem i st ,  the a n a l yt i ca l  rad i oc hem i st a nd the 
b i o l og i st who w i l l  u l t i mate l y  use the rad i o l abe l ed compou nd w i  I I be exam i ned . 
Last to be addressed w i l l  be rad i oc hem i ca l  tra i n i ng a nd the quest i on of what 
c a n  be d o n e  to meet t h e  g r ow i n g r a d i o c h em i s t r y  p e r s o n n e l n ee d s  o f  t h e  
pha rmaceut i ca l  i ndustry . 

The goa l of the pha rmaceut i ca l  i nd ustry i s  seem i n g l y  a s i mp l e  o n e : to 
deve l op safe a nd effect i ve drugs . The l abe l i ng of d r ugs w i th rad i o i sotopes by 
synthet i c  o r ga n i c  c hem i sts ( • rad i osy n t h e t i c  c h em i s ts • )  i s  a k ey step i n  
br i ng i ng a new drug to the ma rketp l ace . Rad i o l a be l ed d r ugs a re v i ta l  i n  the 
d e t e rm i n a t i o n of  a d r u g ' s  meta bo l i c p a t h w a y  a n d i d e n t i f i c a t i o n  of i t s 
metabo l i tes . Rad i o l abe l ed d r ugs a l so enab l e  the pha rmaceut i ca l  sc i ent i st to 
determ i ne the opt i mum drug de l i very system , the mo l ec u l a r b i o l og i st to probe 
drug- receptor i nteract i ons , a nd the pha rmaco l og i st to a ssess b i od i str i but i on .  
Rad i o l abe l ed d r ugs ca n a l so be used to add ress p rob l ems i n  bas i c  chem i stry , 
such as a react i on mecha n i sm ,  a nd i n  process chem i stry , where a sma l l sca l e  
sy nthes i s  i s  dev e l oped i nto a v i a b l e  commerc i a l  p rocess . Th us , the use of 
i sotopes i nterconnects severa l key sc i ences : chem i stry- f o r  synthes i z i ng the 
drug i n  rad i o l abe l ed  form , a nd va r i ous b i o l og i ca l  d i sc i p l i nes- for us i ng the 
l a be l ed compou nd a nd a na l y z i ng the d a ta obta i ned . The end resu l t  of th i s  
co l l aborat i on between chem i sts , b i ophys i c i sts , phys i o l og i sts , pha rmaco l og i sts 
and phys i c i ans i s  e l uc i dat i on of ma ny of the deta i l s  of a d r ug ' s  act i on .  

The i mporta nce of rad i ochem i stry i s  seen i n  some s i mp l e  stat i st i cs .  Over 
901 of a l l new d r ugs have been synthes i zed i n  rad i o l a be l ed f o rm ,  most often 
w i th tr i t i um and ca rbon-14 . Chem i sts pub l i shed over 25 , 000 papers i n  the l ast 
20 y e a r s  wh i c h r e l i ed on t h e s e  two i sotopes . I n  t h e  f i v e y ea r p e r i o d 
1982-1986 over 1250 new ca rbon-14 l abe l ed compounds and nea r l y  850 new tr i t i um 
l a be l ed c ompo u n d s  we r e  r e p o r ted . T h e  J o u r n a l of  L a b e l ed Comyo u n d s  a n d  
Rad i opha rma c e u t i c a l s  wa s c r ea ted i n  1 9 6 5  to se r v e  a s  a v eh i c e f o r  th e 
pub l i cat i on of the sy n thes i s  a n d  a na l ys i s  of r a d i o l abe l ed compo u n d s . The 
n umber of papers pub l i shed here has grown nea r l y  5001 i n  the l a st 20 yea rs ;  
toda y  i t  i s  the p r i ma ry j o u r n a l f o r  t h e  p u b l i c a t i o n  of  t h e  sy n t h e s i s  of  

2 1 1 
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r a d i o l a b e l ed c o m p o u n d s  w i t h a p p r o x i ma te l y  301 o f  t h e s e  p a p e r s  b e i n g 
contr i but i ons f rom the pha rmaceut i ca l  i ndustry . 

The i mpo rta nce of rad i oc hem i stry i s  a l so seen by the fact that a n ew 
profess i ona l soc i ety , the I nternat i ona l Isotope Soc i ety , wa s fo rmed i n  1986 . 
The m i ss i o n a nd obj ect i v e of the soc i ety i s  to a d v a n c e  k n ow l ed g e  of t h e  
a pp l i cat i ons o f  i sotop i ca l l y l a be l ed compounds . T h e  soc i ety c u r rent l y  h a s  
over 1100 act i ve members .  

The d ema nd f o r  rad i osy nthet i c  c h em i sts i s  a l so grow i ng .  The y ea r l y  
dema nd ,  as mea su red by advert i sed j ob open i ngs ( i n  Sc i ence o r  Chem i c a l  a nd 
Eng i neer i ng News) , has nea r l y  doub l ed s i nce 1984 . Approx i mate l y  401 of the-r.i 
a d v e r t i s e d  o p e n i n g s  f o r  r a d i o s y n t h et i c  c h em i sts i n  1 9 8 7  w e r e  a t  t h e  
b a c h e l o r s / m a s te r s  d eg r ee l e v e l . I n  t e r m s  o f  r e s e a r c h e r s  w h o  a p p l y  
rad i o l abe l ed  compounds to drug deve l opment, i t  can be conservat i ve l y  est i mated 
that there a re about 40 j ob open i ngs per yea r at the Ph . D .  l ev e l (advert i sed 
i n  Sc i e n c e )  f o r  p h a rma c e u t i c a l  s c i e n t i s t s  w h o  h a v e  t r a i n i n g i n  b a s i c  
rad i ochem i stry and rad i ochem i ca l  techn i ques ; the actua l number of open i ngs may 
be cons i d e r a b l y  h i g h e r . E v e n  t h o u g h  t h e  y ea r l y  n umber of o p e n i n gs f o r  
rad i osynthet i c  chem i sts i s  re l at i ve l y  sma l l ,  th i s  sma l l group of rad i ochem i sts 
prov i des the key for a l a rge number of pha rmaceut i ca l  sc i ent i sts to so l ve many 
of the prob l ems faced i n  d r ug deve l opment .  Fo r examp l e , most pha rmaceut i ca l  
l aborator i es have a rad i ochem i stry group of l ess tha n ten chem i sts do i ng both 
synthes i s  a nd a na l ys i s  of rad i o l a be l ed compounds . Yet , th i s  sma l l group of 
chem i sts prod uces rad i o l a be l ed compo u nds wh i c h a r e u l t i ma te l y  ut i l i z ed by 
l i te r a l l y  s e v e r a l h u n d r ed r e s ea r c h e r s ! U n f o r t u n a t e l y ,  ma n y  of t h e s e  
advert i sed j ob open i ngs , espec i a l l y  f o r  rad i osy nthet i c  chem i sts , g o  unf i l i ed 
d u e  to a l a c k  of adeq u a te l y  t r a i ned pe r s o n n e l .  T h u s , mo r e  t r a i n i n g of 
rad i osy nthet i c  c h em i sts , rad i oa na l y t i ca l  c h em i sts , a nd sc i ent i sts w i t h a 
background i n  rad i ochem i stry i s  ma ndated . 

In order to f u l l y eva l uate how to meet th i s  c l ea r  need for  rad i oc hem i sts 
a n d  r esea r c h e r s  w i t h r a d i o c h em i c a l  t r a i n i n g ,  a b r i e f o v e r v i e w of t h e  
a p p l i c a t i o n s  o f  l a be l ed c ompo u n d s , t h e i r s y n t hes i s , a n d t h e  n e c e s s a r y  
co l l aborat i on between synthet i c  chem i st a n d  b i o l og i st/end user i s  requ i red .  

App l i cat i ons 12 � Pha rmaceut i ca l  Industry 

Isotopes a re i nva l uab l e  for resea rch i n  the pha rmaceut i ca l  i nd ustry f o r  
th ree ma i n  reasons : l} sens i t i v i ty ;  convent i ona l o rga n i c  a na l yt i ca l  methods 
a re often u n usab l e  beca use of the sma l l q u a n t i t i es of compo u n d  w h i c h a r e 
p r e s e n t , 2 ) d i s c r i m i n a t i o n ;  i s o t o p i c  l a b e l i n g o f  a d r u g a l l o w s  f o r  
d i sc r i m i nat i on between compounds wh i ch a re der i ved f rom the pa rent compound 
a nd those wh i c h a re not , a nd 3) qua nt i f i cat i on ;  rad i o l a be l ed compou nds a l l ow 
the amounts of each compound detected to be eas i l y  qua nt i f i ed .  

The p r i nc i p l e  i sotopes that a re used i n  pha rma c e u t i c a l  r esea r c h  a r e 
tr i t i um ,  ca rbon-14 , su l f ur-35 , phosphor us-32 a n d  i od i ne-125 . These i sotopes 
account for greater tha n 951 of a l l the i sotopes used w i th tr i t i um a nd ca rbon-
14 be i ng used the most often . Of seconda ry i mpo rta nce i n  resea rch a re go l d-
195 , sod i um-22 , ca l c i um-45 , chrom i um-51 a nd technet i um-99m . 

The a c t u a l c h o i c e of i sotope w i l l  be depend u p o n  i ts c h em i c a l  a nd 
phys i ca l  p r opert i es .  Most of the l a be l i n g of new d r u g s  i n v o l v e s  d i r ec t  
subst i tut i on o f  a rad i oact i ve i sotope for  i ts sta b l e  cou nterpa rt . Thus , the 
chem i ca l  propert i es of the rad i o l abe l ed compound w i l l  be v i rtua l l y  i dent i ca l  
to that of the u n l a be l ed compound a nd b i od i str i but i on w i l l  not be ef fected . 
The phys i ca l  p ropert i es of the i sotope i nc l ude ha l f - l i fe ,  spec i f i c  act i v i ty 
a nd the type of rad i at i on em i tted . Here , the exper i menta l requ i rements of the 
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study to be conducted w i l l  d i ctate i sotope se l ect i on .  The actua l app l i cat i ons 
a re d i scussed be l ow .  

DRUQ METABOLISM . D r ug metabo l i sm i s  the a rea i n  wh i c h a pp l i ca t i o n of 
rad i o i sotopes i n  the pha rmaceut i ca l  i nd ustry i s  .ost common . It i s  through 
t h e  u s e  of r a d i o i s o t o p e s  t h a t  m e t a b o l i s m i s  c h a r a c t e r i z e d  s i n c e  
rad i oana l yt i ca l  tec h n i ques a l l ow a d r ug ' s  convers i o n a n d  e l i m i n a t i o n  to be 
fo l l owed . Thus the pha rmaceut i ca l  sc i ent i st can eas i l y  detect sma l l amou nts 
of rad i oact i v i ty ,  wh i ch corre l ate w i th the pa rent d r ug or i ts metabo l i tes , i n  
b l ood , ur i ne and feces . The amount of rad i oact i v i ty may be qua nt i f i ed and the 
i dent i ty of i nd i v i dua l metabo l i tes determ i ned . 

Ident i f i cat i on of metabo l i tes i s  the key aspect of drug metabo l i sm .  Th i s  
not on l y  a l l ows a metabo l i sm path to be estab l i shed , but i t  a l so may resu l t  
i n  i dent i f i cat i on of a more potent b i o l og i c a l l y  a ct i v e c ompo u n d  o r  i t  may 
i dent i fy a potent i a l l y  tox i c  .. tabo l i te .  A l l of th i s  i nformat i on i s  necessa ry 
i f  new drugs a re to be deve l oped and approved for huma n  use . 

Typ i ca l l y ,  metabo l i tes a re i dent i f i ed through the use of c h roma tography 
(h i gh p ress u re l i q u i d  c h roma tog ra phy , t h i n  l a y e r  c h r omatog r a p hy a n d g a s  
c h roma tog raphy) a n d  ma ss spectrometry . C h em i c a l  s t r uc t u res c a n t h e n  be 
estab l i shed by compa r i son w i th compounds of known structu re or , i f  suff i c i ent 
quant i t i es can be i so l ated , structure may be i ndependent l y  estab l i shed . The 
l i m i ted amou nts of rad i oact i v e  compo u nds norma l l y  a v a i l a b l e , howev e r , ca n 
c o m p l i c a t e t h e  r a d i o c h em i c a l  a n a l y s i s .  O c c a s i o n a l y ,  m i s l e a d i n g 
c h r oma tog r a p h i c  a r t i f a cts may be e n c o u n te r ed a s  a r e s u l t  of ox i d a t i o n ,  
hyd ro l y s i s , exc ha nge , o r  adsorpt i o n d u r i ng a na l y s i s .  Th e p h a rma c e u t i c a l  
sc i ent i st must theref ore be fam i l i a r  w i th not on l y  these r a d i oa na l y t i ca l 
techn i ques , but a l so the i r l i m i tat i ons i n  th i s  context . 

PHARMACOKINETICS . The k i net i cs of d r ug act i on a re a l so determ i ned w i th 
rad i o l a be l ed compo u nds . The tota l a ct i v i ty exc reted a nd t i ssue to b l ood 
l eve l s  over severa l days i s  measu red . Metabo l i te e l i m i nat i on rates a re a l so 
eas i l y  measured w i th these tracer compou nds a nd th i s  a l l ows determ i nat i on of 
the b i o l og i ca l  ha l f- l i fe of a drug . 

DRUQ BIODISTRIBUTION . Comp l ete assessment of d r ug b i od i st r i b u t i o n i n  
v i vo i s  poss i b l e  on l y  th rough use of rad i o l abe l ed compounds . Autorad i og r a phY 
rs-one method a va i l ab l e  for prec i se determ i nat i on of the l oc a l i z a t i o n  of a 
drug . Such i nformat i on a l l ows the pha rmaceut i ca l  sc i ent i st to mon i to r  upta ke 
of a d r ug i n  ex pec ted ta rget t i s s u e , to mon i to r  pote nt i a l  tox i c i ty to 
spec i f i c  non-ta rget organs ,  and to obta i n  i nferences about the mecha n i sm of a 
drug ' s  act i on .  

DRUQ DELIVERY SYSTEMS AND BIOAVAILABILITY . O n c e  a new d r ug h a s  been 
i dent i f i ed  and i t  has been found to be safe and effect i ve ,  the quest i on of the 
best way to adm i n i ster the d r ug a r i ses . There a re ma ny d i f f e rent modes of 
de l i ver i ng a drug to the body : capsu l e , tab l et ,  e l i x i r ,  spray , t i med- re l ease , 
ora l , nasa l , etc . Often , se l ect i on of the opt i mum de l i very system re l i es upon 
use of the rad i o l abe l ed  drug to prov i de an answer . Uptake,  presence i n  b l ood , 
exc r et i o n a n d t h e  c o r r e s p o n d i ng k i n et i c s a r e a l l ea s i l y  q u a n t i f i ed by 
exp l o i t i ng the ea sy detectab i l i ty of rad i otracers . S i nce these facto rs a re 
dependent upon adm i n i strat i on mode , a rad i otracer study ca n i dent i fy the best 
drug de l i very system for the compound i n  quest i on .  

MOLECULAR PHARMACOLOQY . A fundamenta l prob l em  of mo l ec u l a r pha rmaco l ogy 
i s  p r o b i n g t h e  mea n s  by w h i c h a d r u g m a y  be s p ec i f i c  i n  i t s a c t i o n .  
I n v est i ga t i o n  of recepto r sy stems , i n  pa rt i c u l a r ,  re l i es upon t h e  u s e  of 
rad i o l a be l ed d r ugs . I nd eed , i t  i s  i mposs i b l e  to mon i to r  receptor b i nd i n g 
e i ther d i rect l y  (through measu r i ng the actua l b i nd i ng of the l abe l ed compound) 
o r i n d i rect l y  ( u s i n g  a n  u n l a be l ed comp o u n d  to d i s p l a c e  a r a d i o l a b e l ed 
sta nda r d , i . e .  compet i t i v e b i nd i ng) , w i thout u s i ng ra d i o i sotopes . H e r e , 
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rad i oc hem i stry h a s  tru l y  revo l ut i on i zed pha rmaceut i ca l  resea r c h . By u s i ng 
rad i o l a be l ed r ec epto r l i g a n d s  to p r obe d r u g - r ec epto r i n te r a c t i o n s , t h e  
pha rma c e u t i c a l  r esea r c h e r  h a s  b e e n  a b l e  to d es i g n d r u g s  wh i c h ma x i m i z e 
receptor b i nd i ng and des i red b i o l og i ca l  effect . The i mportance of th i s  i s  seen 
i n  the l a rge n umber of d r ugs that ha v e  been l og i c a l l y  d es i g n ed ba sed o n  
receptor stud i es .  One c l ea r  examp l e  of th i s  i s  Tagamet , a n  a nt i - u l cer d r u g  
a n d  the number one se l l i ng presc r i pt i on pha rmaceut i ca l , wh i c h operates by way 
of the H receptor . 

PRatESS CHEMISTRY . Occas i o na l l y ,  r a d i o l a be l ed compo u n d s  ha v e  p r o v ed 
va l uab l e  i n  the deve l opment of l a rge sca l e , commerc i a l  synthet i c  processes for 
new d r ugs . Aga i n , the easy detectab i l i ty of rad i oact i v i ty i s  the key that 
a l l ows a l l components of a react i on m i xture to be fo l l owed . Fo r examp l e , a 
prob l em  often encountered i n  sca l i ng up a sy nthes i s  i s  account i ng for a l l of 
the mass i n  a pa rt i c u l a r react i on .  These mass ba l ance prob l ems c a n  be so l ved 
th rough  the use of tracer  compounds ; l osses due to adsorpt i o n a r e  ea s i l y  
detected , o r  compounds wh i c h may be undetectab l e  by c h romatography (w i th UV 
detect i on ,  for examp l e) a re read i l y  detectab l e  by mon i to r i ng rad i oact i v i ty i n  
t h e  HPLC e l u a te . Ef f i c i e n c y  o f  c e r t a i n  s t e p s  c a n  a l s o b e  m o n i t o r e d 
qua nt i tat i ve l y  th rough the use of tracer compou nds . Extract i on ef f i c i ency , 
for examp l e , can be determ i ned by s i mp l y  us i ng l i qu i d  sc i nt i l l at i on count i ng 
on the organ i c  a nd aqueous phases . F i na l l y ,  rad i oact i ve compounds can a l so be 
used to exam i ne i mportant mecha n i st i c  quest i ons about organ i c  react i ons . 

FUTURE APPLICATIONS . The deve l opment of pos i t ron em i ss i o n tomog r a p hy 
(PET) has the potent i a l  for great l y  enhanc i ng the resea rch capab i l i t i es of the 
pha rma c o l og i st .  There a re two d i st i nct a rea s where d r ug deve l opme n t  c a n  
benef i t  f rom PET . F i rst , i sotop i c  subst i tut i on i n  a new c ompo u n d  w i th a n  
appropr i a te n uc l i de (ca rbon - 1 1 , n i trogen-13 or  f l uo r i ne- 18) wou l d  a l l ow i ts 
b i od i str i but i on to be qua nt i tat i ve l y  a nd non- i n va s i ve l y  determ i ned . Second , 
l abe l ed b i o l og i ca l  substrates cou l d  be used to mon i to r  the ef f ect of the d r ug 
under study on var i ous b i o l og i ca l  pa rameters . Among the pa ramete rs wh i c h PET 
c o u l d  q u a n t i t a t i v e l y  a n d n o n - i n v a s i v e l y  d e t e r m i n e a r e d r u g - r e c e p t o r 
i n te r a c t i o n s , g l u c o s e  meta b o l i s m ,  f a t ty a c i d  m e t a b o l i s m a n d o x y g e n  
consumpt i on .  

E x p l o i t a t i o n  o f  t h i s  n e w  t e c h n o l o g y  i s  j u s t  b e g i n n i n g i n  t h e  
pha rma c e u t i c a l  i n d u s t r y  i n  t h i s  c o u n t r y . Some E u r o pea n p h a rma c e u t i c a l  
compa n i es have not on l y  been us i ng PET i n  the i r i n vest i ga t i ons but have a l so 
p u rc hased the i r own cyc l otrons and tomog raphs to beg i n rout i ne use of th i s  
tec h no l ogy . Ea r l y  i mpact i s  l i ke l y  to be i n  the a rea of centra l n e r v o u s  
system resea rch where PET has a l ready proven i tse l f  a va l uab l e  too l of nuc l ea r  
med i c i ne .  Th us , t h e  r a d i oc h em i ca l  d ema n d s  ma d e  u p o n  b o t h  t h e  sy n t h et i c  
rad i ochem i st a nd the pha rmaco l og i st w i l l  i nc rease i n  the com i ng yea rs . 

Rad i oc hem i stry Techn i ques 

The f i rst step i n  app l y i ng rad i ochem i stry i n  pha rmaceut i ca l  resea rch and 
deve l opment i s  the actua l synthes i s  of a rad i o l a be l ed compou nd . S i nce the 
cor respond i ng u n l abe l ed compo u n d  w i l l  ha v e  been p r e v i o us l y  sy nthes i z ed by 
med i c i na l  chem i sts , the rad i osynthet i c  chem i st has a poss i b l e  sy nthet i c  method 
a va i l a b l e .  However , th i s  route w i l l  p roba b l y  need mod i f i cat i on o r , i n  some 
cases , the or i g i na l  route w i l l  have to be aba ndoned i n  f a v o r  of a route wh i ch 
meets the constra i nts of rad i oc hem i ca l  sy nthes i s .  These constra i n ts a r i se 
f rom one or  mo re of the fo l l ow i ng :  the sma l l sca l e  of the l a be l i ng react i on 
(f requent l y  under one m i l l i mo l e) , the h i gh cost of l a be l ed sta r t i ng mate r i a l s  
(up to tens of thousands of do l I a rs for compounds of even s i mp l e  structu re) , 
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the need to use s i mp l e  sta rt i ng mater i a l s  (eg . cyan i de ,  .. thy l i od i de ,  tr i t i um 
gas , etc . ) , the des i re to i ntrod uce the rad i oa ct i ve l a be l a s  l a te i n  t h e  
sy nthes i s  as poss i b l e  (to ma x i m i ze y i e l d  a nd m i n i m i z e ha nd l i ng of l a be l ed 
compound) , and f i na l l y the des i red l ocat i on of the l abe l w i th i n  the mo l ecu l e . 

The dec i s i on as to where to p l a c e  the l a be l i n  a g i v e n  c ompo u n d  i s  
dec i ded by the chem i st i n  consu l tat i on w i th the pha rmaco l og i st or  resea rc her 
requ i r i ng the l abe l ed  COIIPOUnd . The dec i s i on represents a ba l a nce between the 
sy nthet i c  constra i nts j ust ment i oned , the ea se of sy nthes i s  a n d  expec ted 
sy nthes i s  t i me ,  the u l t i ma te end use of the l a be l ed c omp o u n d , a n d t h e  
.. tabo l i c  stab i l i ty of the pos i t i on to be l abe l ed .  Th i s  l ast factor i s  i ndeed 
cruc i a l . Obv i ous l y  on l y  the l abe l ed port i on of the mo l ec u l e  can  be f o l l owed 
i n  v i t ro or i n  v i v o .  Therefore , i t  i s  i mpo rta nt that the i sotop i c  l a be l 
poa 1 t 1 on no�e-.;8 i l y  suscept i b l e  to l oss th rough metabo l i c c l ea v age of a 
mo l ecu l a r f ragment , or  by c hem i ca l  or b i oc hem i ca l  react i ons at the l a be l ed 
s i te .  Shou l d  th i s  occ u r  ea r l y  i n  the meta bo l i c path , muc h of the des i red 
.. tabo l i •  i nfor•t i on wou l d  be l ost . In some i nsta nces , a compound may ha ve 
to be l a be l ed mo re tha n once a t  d i f f e r e n t  pos i t i o n s , or  w i t h d i f f e r e n t  
i sotopes , i f  a comp l ete .. tabo l i c  pathway i s  to b e  d i scer ned . Fu rthermore , 
s i nce l abe l l ocat i on i s  so c r i t i ca l , l ocat i on of the l abe l must be k nown i n  
order to a vo i d  poss i b l e  m i s i nterpretat i on of b i o l og i ca l  resu l ts .  

F i na l l y ,  both the rad i osynthet i c  ch .. i st and resea rcher must be conf i dent 
that the l abe l ed  compound i s  of h i gh rad i och .. i ca l  pur i ty .  Often , pur i ty of 
the l a be l ed compound must be h i gher tha n that of the u n l a be l ed c ompo u n d . 
S i nce i mp u r i t i es themse l v es a re s u bj ec t to metabo l i sm ,  both the pa r e n t  
i mpur i ty a nd i ts meta bo l i tes may be m i sta ken as der i v i ng f rom t h e  p r i ma ry 
compound under study . 

It shou l d  now be c l ea r  that a pp l i cat i on of rad i o l a be l ed compo u nds i n  
pha rmaceut i ca l  resea rch i s  a t r ue co l l a b o r a t i v e ef f o r t  wh i c h r eq u i r es a 
thorough understa nd i ng of rad i oaynthea i a , rad i o i sotope propert i es ,  spec i f i c  
act i v i ty ,  rad i oc hem i ca l  p u r i ty ,  rad i ochem i ca l  sta b i l i ty /decompos i t i o n a nd 
r a d i oa na l y s i a  o n  t h e  pa r t  o f  b o t h  t h e  r a d i oay n t h et i c  c h em i s t a n d t h e  
pha rmaco l og i st i nvest i ga t i ng a d r� On l y  through suc h sha red expert i se ca n 
l og i ca l  dec i s i ons be made i n  the l abe l i ng of a drug and i ta a na l ys i s .  

I d ea l l y ,  the sy nthet i c  rad i ochem i st w i l l  ha v e  a b road backg r o u n d  i n  
orga n i c  sy n t h es i s .  The sy nthet i c  r a d i o c h em i st may u l t i ma te l y  h a v e  t h e  
oppo r t u n i ty to l a be l a l most e v e r y  c l a ss of o r ga n i c  c omp o u n d . T h i s  i s  
ref l ected by the sy ntheses recent l y  pu b l i s hed i n  the J o u r na l 2f Labe l ed 
Compounds and Rad i opha rmaceut i ca l • .  A.ong the c l asses of compounds t�at ha ve 
been sy nthes i zed a re pept i dea , am i no ac i ds ,  eaters , a c i d s ,  ben z a z e p i n es , 
su l fonam i des , cepha l oapor i ns ,  qu i no l i nes and amphetam i nes , to na .. j ust a few .  

I ro n i c a l l y ,  wh i l e a good ba c k g r o u nd i n  r a d i oc h em i c a l  sy n t h es i s  i s  
des i red , the fact i s  tha t new l y  h i red rad i oc hem i sts h a v e  l i tt l e , i f  a ny , 
rad i ochem i stry exper i ence . Those that have exper i ence have genera l l y ga i ned 
th i s  exper i ence i n  a nother i nd ustr i a l  rad i oc h em i stry g r o u p . Tra i n i n g i n  
u n i v e r s i t i es a t  e i ther a n  undergrad uate o r  g r a d uate l ev e l i s  a l most n o n 
ex i stent ,  though there a re except i ons a s  w i l l  be noted l ater . 

M i c rosythet i c  exper i ence , that i s  sy nthes i s  at a one m i l l i mo l e  o r  l ess 
sca l e , i s  c r uc i a l  for the successf u l  r a d i o c h em i st s i n c e  the ma j o r i ty of 
syntheses a re done on th i s  sca l e .  Th i s  i s  espec i a l l y  true for h i gh spec i f i c  
act i v i ty tr i t i um o r  i od i ne- 1 25 wor k  w h e r e  m i c r omo l e  a mo u nts of sta r t i n g 
mater i a l s  a re the norm . 

Vacuum l i ne and spec i a l i zed gas ha nd l i ng techn i ques , such as Toep l er Pump 
use for gas tra nsfers dur i ng cata l yt i c  tr i t i at i ona , a re a l so i mportant for the 
rad i osynthet i c  chem i st .  
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Though i t  i s  somet i .. s underest i mated , know l edge o f  safety p reca ut i ons 
a nd actua l exper i ence i n  hand l i ng rad i oact i v i ty a re i mporta nt .  Personne l a nd 
l a borato r y  c o n tam i n a t i o n c a n  ea s i l y  occ u r  u n l ess c a ref u l l y thought out 
ma n i p u l a t i o n s  a nd p r oc ed u res a r e f o l l owed . Mon i to r i ng f o r  r a d i oact i v e 
contam i nat i on i s  a cruc i a l  aspect of safety . 

F i na l l y ,  and perhaps •ost i mporta nt of a l l ,  i s  a thorough bac kground i n  
genera l a na l yt i ca l tec h n i ques a s  we l l a s  those spec i f i c  to rad i oa na l y s i s .  
These a re the techn i ques that both sy nthet i c  chem i st and the pha rmaco l og i st 
must k n ow i f  r a d i o l a b e l ed c ompo u n d s  a re to be s u c c es s f u l l y a p p l i ed to 
pha rmaceut i ca l  resea rch . F i rst among these techn i ques i s  l i qu i d  sc i nt i l l at i on 
count i ng .  Other va l ua b l e  rad i ochem i ca l  techno l og i es o r  tec h n i q ues i nc l ude 
d i rect p r obe d etec t i on  (eg . p r opo r t i o na l c o u n te r s ) , f l ow detec to r s  f o r  
mon i tor i ng rad i oact i v i ty dur i ng HPLC , and TLC l i nea r ana l yzers . 

Rad i ochem i stry Tra i n i ng 

Thus far , the methods , techn i ques and techno l og i es used by the pract i c i ng 
r a d i osy n t h et i c  c h em i st a n d t h e  p h a rma c e u t i c a l  sc i e nt i st w h o  u ses these 
rad i ochem i ca l s , has been desc r i bed . Th i s  sect i on w i l l  focus on the tra i n i ng 
wh i ch i s  appropr i ate for such resea rchers . 

The rad i osynthet i c  chem i st must have a broad background , as we have seen , 
i n  genera l organ i c  synthet i c  and ana l yt i ca l  techn i ques a nd methodo l og i es .  The 
rad i osynthet i c  chem i st shou l d  a l so be fam i l i a r  w i th m i crosynthet i c  techn i ques , 
spec i a l i zed synthet i c  techn i ques (vacuum l i ne ,  Toep l er pump , etc . ) , rad i o l yt i c  
decompos i t i on ,  a nd rad i oana l yt i ca l methods ( l i q u i d  sc i nt i l l a t i on c o u n t i ng ,  
HPLC a n d Q C  i n  l i n e r a d i o a c t i v i ty mon i to r i n g , t r i t i u m NMR , TLC l i n ea r 
a na l y z e r s , a n d  spec i f i c  a c t i v i ty determ i n a t i o n ) . T h e  u s e r s  of l a be l ed 
compo u nd s  m u s t  a l so h a v e  d eta i l ed k n ow l edge of t h e s e  l a s t  two p o i n t s : 
rad i o l yt i c  decompos i t i on and rad i oana l yt i ca l  techn i ques . 

There a re on l y  two opportun i t i es for tra i n i ng ;  tra i n i ng ca n be l ea r ned 
e i ther on-the-j ob ( i n i ndustry or academ i cs) , or ta ught as pa rt of a g rad uate 
or u n d e r g r a d uate c h em i stry p rogram . O n - the-j ob t ra i n i ng h a s  a n umber  of 
obv i o us  d r a wbac k s . O n e  d r a w ba c k  i s  the t i me t h a t  m u s t  b e  s p e n t  by the 
expe r i enced rad i oc hem i st i n  tea c h i ng the n ew r a d i oc h em i st h i s  j o b .  Th i s  
resu l ts i n  l ost rad i osynthes i s  t i me on the pa rt of both chem i sts . The maj or 
prob l em ,  howev e r , w i th th i s  ty pe of t ra i n i ng i s  that i t  ob v i o us l y  c a n n ot 
p ro v i de e i ther the p h a rmaceut i c a l  i nd ustry o r  a c a d em i cs w i th expe r i e n c ed 
rad i ochem i st& except i f  the rad i ochem i st moves f rom the compa ny where tra i n i ng 
w a s a c q u i r e d  t o  a n o t h e r . T h e  m o s t  a p p r o p r i a te w a y  t o  p r o v i d e n e w  
rad i ochem i sts i s  for the i r tra i n i ng to be a t  the un i vers i ty l eve l . 

I t  h a s  a l r eady been ment i oned that there a re f ew c o u rses of f e r ed a t  
e i ther t h e  g rad uate or u n d e r g r a d uate l ev e l wh i c h tea c h  t h e  rad i oc hem i stry 
tec h n i q ues that h a v e  j u st been desc r i bed . O n e  nota b l e  except i o n i s  the 
Un i vers i ty of I l l i no i s  at Urba na-Champa i gn where a rad i ochem i stry cou rse has 
l ong been i n  p l ace (see Append i x  I for the cou rse sy l l abus) . Th i s  course ,  now 
under the d i rect i on of Drs . John Katzene l l enbogen and Lee Me l hado , cou l d  serve 
as a mode l f o r  ot h e r  u n i v e r s i t i es .  Amo n g  t h e  t o p i c s c o v e r ed i n  t h i s  
p a r t i c u l a r c o u r s e  a r e t h e  c h a r a c t e r i s t i c s o f  r a d i o a c t i v i ty ,  I i q u i d  
s c i n t i l l a t i o n c o u n t i n g ,  v a c u u m l i n e t e c h n i q u e s , r a d i a t i o n s a f e t y , 
rad i oact i v i ty detect i on ( i nc l ud i ng HPLC rad i oact i v i ty f l ow detectors and TLC 
l i nea r a na l y zers) , sy nthes i s , tr i t i um NMR , rad i oc hem i ca l  pur i ty ,  rad i o l yt i c  
decompos i t i on ,  i sotope effects , b i osynthet i c  app l i cat i ons , rad i opha rmacet i ca l s  
a nd stab l e  i sotopes . 
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The most common l y  used synthet i c  methods for i ncorporat i ng rad i oact i v i ty 
a re rather stra i ghtforwa rd organ i c  react i ons . Typ i ca l  of these a re : reduct i on 
of a n  o l ef i n  w i th tr i t i um ga s ,  t r i t i um exc ha nge w i th a n  a roma t i c  ha l ogen , 
i ntroduct i on of ca rbon-14 v i a  the use of ca rbon-14 l abe l ed  ca rbon d i ox i de i n  a 
Cr i gna rd react i on ,  methy l a t i o n w i th ca rbon-14 methy l i od i d e ,  n uce l oph i l i c 
d i sp l acement by ca rbon-14 l abe l ed cya n i de ,  p rote i n  l abe l i ng w i th i od i ne-125 
a nd an ox i da nt , o r  d i rect e l ectroph i l i c a romat i c  i od i nat i on w i th i od i ne-125 
l abe l ed sod i um i od i de .  Ca r ry i ng out j ust a f ew of these expe r i men ts wo u l d  
a l l ow v i rtua l l y  ALL of the rad i oc h  .. i stry techn i ques wh i ch ha ve been desc r i bed 
to be used . For examp l e , us i ng ca rbon-14 l abe l ed ba r i um ca rbonate as a source 
of l abe l ed  ca rbon d i ox i de and ca r ry i ng out a C r i gna rd react i on w i th i t  wou l d  
use severa l of these techn i ques : v a c u um l i ne tra nsfers , l i qu i d  sc i nt i l l at i on 
count i ng ,  TLC w i th a l i nea r ana l yzer , HPLC w i th rad i oact i v i ty f l ow detect i on ,  
d i rect probe mon i tor i ng and safe ha nd l i ng pract i ces w i th rad i oact i v i ty .  

Summa ry 

It has been •Y hope i n  th i s  d i sc uss i on to demonstrate a c l ea r  need f o r  
greater rad i ochem i stry awa reness a nd tra i n i ng .  Rad i oc hem i stry i s  v i ta l  f o r  
the deve l op•ent o f  new pha r•aceut i ca l s  where a re l at i v e l y  sma l l n umbe r of 
rad i osy nthet i c  c h  .. i sts p r o v i de l a be l ed compo u n d s  th a t  a re used by a v e r y  
l a rge number o f  resea rchers i n  the a reas of d r ug metabo l i sm ,  pha rmacok i net i cs ,  
d r ug b i od i st r i b ut i o n ,  d r ug de l i v e ry systems , mo l ec u l a r p h a r ma c o l ogy a n d 
process c h em i stry . The f utu re dema n d s  o n  t h e  r a d i oc h em i st w i  I I  b e e v e n  
g reater w i th the ad vent o f  new tec h no l og i es ,  suc h a s  PET ,  t h e  e v e r  g rea ter 
demand for the synthes i s  of h i gh spec i f i c  act i v i ty tr i t i um l abe l ed compounds , 
a n d  the i nc rea sed use of i sotop i c  t r a c e r  met h o d s  to s t u d y  t h e  mo l ec u l a r 
mec ha n i sm of d r ug act i on .  Rad i oc hem i stry i s  a co l l aborat i ve effort between 
these synthet i c  chem i sts and pha rmaceut i ca l  sc i ent i sts , BOTH of whom must be 
know l edgab l e  of rad i ochem i ca l  l abe l i ng ,  rad i ochem i ca l  a na l ys i s , a nd the bas i c  
propert i es of rad i oact i v i ty .  

It i s  a l so c l ea r  that the re w i l l  cont i n ue to be a st ro n g dema n d  f o r  
chem i sts a nd resea r c h e r s  i n  th i s  f i e l d  a nd that mor e  t ra i n i ng i s  not on l y  
des i rab l e  but necessa ry . It i s  certa i n l y  not a n  easy task , but i t  i s  one that 
ca n be successfu l  at an undergraduate or graduate l eve l . Per ha ps th i s  report 
w i l l  serve as a st i mu l us f o r  mod i fy i ng a nd expa nd i ng the c u r r i c u l a  of ou r 
un i vers i t i es to i nc l ude rad i ochem i stry . Wh i l e  the safety aspects of hand l i ng 
r a d i oact i v i ty ma y i n h i b i t  t h e  i n c l u s i o n of u n d e r g r a d u a te r a d i o a c t i v i ty 
exper i ments , the fact rema i ns that there i s  no subst i tute f o r  actua l hands on 
rad i oact i v i ty ha nd l i ng exper i ence . The cont i n ued t i me l y  deve l opment of new 
pha rmaceut i ca l s  depends on i t .  
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Appendix I 

"Carbon and Hydroaen Tracer methodoloay" 
Chemistry 496 Syllabus 
University of Illinois 
John A. Katzenellenboaen and L. Lee Melhado 
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1 
2 
3 
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7 
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9 

10 

1 1  
12 
13 
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16 
17  
18 

19 
20 
21 
22 

23 
24 
25 
26 
27 

Date 

Jan 26 
28 

Feb 2 
4 
9 

11 
16 
18 
23 
25 

Mar 1 
3 
8 

10 
15 
17 
22 
24 

Apr 5 
7 

12 
14 

19 
21 
26 
28 

May 3 
2 8  5 -- -- ---
29 10 
Fi nal 16 
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Chemi stry q96 - Spr ing 1988 
Lecture Schedule 

(John A. Katzenellenboaen and L. Lee Melhado) 

Topic Lecturer 

I .  Charac ter istics,  Counting Safety and Man ipulat ion 
ot Rad i oac t ive Substances 

Characteristics ot Radi oactivity K 
Li quid Sc i nt i l l at i on Count i na - Pri nciples K 
Liquid Sc inti llation Countina - Practi ce K 
Liqu i d  Sc inti llat i on Countina - Pract i ce K 
Liquid Sc i nt i llation Countina - Instrumentation M ' 
Radiat i on Safety M 
Hi&h Vacuum Techni ques M 
Other Rad i a t i on Detect i on Methods K 
Other Rad i at ion Detect i on Methods K 
EXAM I ( lecture 1-9 and laboratory ) 
I I .  Synthesis and Ana lysis or Radiochemicals and 

Stable Isotope-Lab eled Compounds 
Synthesi s :  Gen eral Issues 
Synthesi s :  Carbon isotopes (C-1 4 )  
Synthesi s :  Carbon , Ni troaen , Oxyaen i sotopes 
( C-13 , N-1 5 ,  0-17 , 0-18) 
Synthesi s :  Hydroaen i sotopes ( H-3)  
Synthesi s :  Hydroaen i sotopes ( H-3)  
Synthesi s :  Hydroaen i sotopes (H-2 ) 
Radiochemi cal Pur ity and Radi olysi s 
Analysi s ot C-1!1 Labe l ed Cempounds 

Analysis ot C-14 Labeled Compounds 
Analys i s  or H-3 Labeled Compounds and 3H-NMR 
Analysi s or C-1 3  and H-2 Compounds 
EXAM II ( l ectures 11 -21 and laboratory ) 
I I I .  Appl icat i ons or Radioac t i v e  and 

Stable Isotopes 
Isotope Dilution A ssays 
I sotope Effects 
Isotope NMR 
Appl icat ions in Chemica l  Mechani sms 
Appl i cations in Bi osynthe si s 
Produc t i on of ���� t - 1  i ve� ! !ct cpes 
Synthesi s and Use or �ad i opharmaceutica1s 
FINAL EXAM '(Monday , 1 : 30-4 : 30 )  

K 
K 

K 
K 
K 
K 
K 
K 

K 
K 
K 

M 
K 
K 
K 
K 
K 
K 
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Laboratory Schedule ( Approx imate)  

I .  Laboratory Or ientat i on 
Lab Survey and Bioassays 

I I .  Liqu id Sc int i l lation Count i ng 
1 )  Single Isotope Count i ng - SCR and ESR Methods 
2 )  Dual Isotope Counting 
3 )  Sample Preparat i on 

I I I .  Vacuum Line Technology 
1 )  Cal ibrati on or man i fol d (volume determi nati on ) P

1
v

1 • v 
1'2" 2 

2 )  Generat i on or co2 from Baco3 ( y i el d  and S recovery ) 
3 ) Generat i on or 1 � co2 and reacti on wi th n-BuMgBr to produce 

n-va l er i c  acid-l-1 � c 
-

� )  I s�lat i on or �-val er i e  ac i d-l-1 � c 

IV . I sotope Di lution Assay 
1 )  Add i ti on or carr i er to �- val er i e  ac i d- l- 1 �c and convers i on to 

the s 1 1  ver salt 
2 )  Measurement an d ca lcul at i on or S . A .  of si lver val erate 

Degrada t i on of Si lv er-n-Val erate-l-1 � C 
1 )  Preparation or si lver salt  or n-va l et i c  ac i d- l - 1 �c 
2 )  Degradation or si l ver �- valerate-1-1  C v i a  Hunsd i ecker 

v . 

V I .  Rad i ochromatography 
1 )  Preparat i on or der i vative or n-val er i c  acid- 1 - 1 � c 
2 )  Preparation of chromatogram 
3 ) Analys i s  of chromatogram by LSC and radi oscanner 

VI I .  Tr i t ium Labell ing by Ac i d -Catalyzed Exchange 
1 )  Tri ti at i on or naphtha l en e  ( v i a  H2so� and 3H2o) 
2) LSC an d S . A .  calcul ation 

VI I I .  Preparat i on of 3H-Acetic Ac i d  
1 )  Tr i t i a t i on o r  malon i c  ac i d  aod cl eavage to acet i c  ac i d  
2 )  LSC and S . A .  calcul at i on o f  3H-Acet i c  Ac i d  

IX . Prepara t i on and Spec trosc op i c  Ana ly s i s  o r  a n  H-2 or C-13 
Label ed Compound 
( Us i ng ava i l abl e reagent s ( D2 o ,  D2 , Na BD� ; Na1 3cN ) and 
general reaction gui del i ne s , prepare a stable i sotope
l abel e d  compound and an al yze i ts i sotop i c  compos i ti on 
by NMR and MS) . 

i. .  Pr_ep::ra t ;  r·� of an I - 1  25 Labe led Compound 

rxn . 

( Us i ng ava i l abl e  reagents ( Na 1 25 I ;  CH3 1 25 I ) , prepare an i - 1 25 
l a beled compound , pur i fy by HPLC , and aetermine its S. A . )  

XI . Labora tory Cleanup 

Decont�m i na t i on and Waste D i sposal 

( Feb 8)  

( Feb 15)  
( Feb 22) 
( Feb 22) 

( Feb 29 ) 

( Feb 29 ) 

(Mar 7 )  
( Mar 1 � )  

(Mar 1 � )  
(Mar 1 � )  

(Mar 1 � )  
( Mar 21 ) 

( Apr � )  
( Apr � )  
(Apr � )  

( Apr 1 1 ) 
( Apr 1 8 )  

( Apr 1 1 ) 
( Apr 18)  

( Apr 1 1 , 
, 8 ,  2 5 )  

( Apr 2 5 ,  
May 2 )  

( May 9)  
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ftAI.DIG UBDS .POR CBZIIISTS IR NtJCI.aAJt POnR INDOSftY 

William A. Haller 
Duke Power , Char lotte , North Carolina 

Duke Power ia a three atation 7-unit nuclear utility .  The atationa 

are ahown below a  

Duke Power Nuclear Unita 

1!11!1 Mtt4 Mtqawatt :l!a Ytar Conniaaion!4 
OconH 1 840 B5W 117 3 
OconH 2 840 B5W 1974 
Oconee 3 140 B5W 1!:'"'�4 
McGuire 1 1 1 4 5  ! 1101 
McGuire 2 1 1 4 5  ! 111 4  
catawba 1 1130 !! 1115 
Catawba 2 1 1 3 0  ! 1186 

The generation mix ia approximately 5 3 \  nuclear , 46\ fossil anci 1\ 
hydro + purchaae . Aa you can '" we rank with the largeat nuc lear 

utilitiea in the United Statea . We , CCIIIIPiratively speaking , are 

heavily staffed with profeaaioula in the General Office anci at the 

plants . Aa examplea , the General Office staff in Technical Service• 

anci a plant chemiatry organization are presentee! in Attachment• l - 3 . 

Duke Power Company (DPC) ia both aimilar and diaaimi lar to other 
nuclear power companiea in it. need. for chemistry peraonnel .  At the 

preaent time , DPC doea not hire degreed ch .. iata for technician level 
chemiatry j oba . Degr .. d ch .. iata are normally hired for ataff level 
poaitiona in the chemiatry section• both at the planta and at the 

corporate office . Some of the•• staff poaitions are alao filled by 

22 1 
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chemical engineer• .  In addition to using chemists in staff positions , 

DPC al•o ua•• health phy• ic• technicians and staff• in role• that , in 

many companiea , are chemistry ' s  domain . 

Because DPC uses non-chemists as chemistry technicians , the DPC 

training programs for the technicians is usually much broader in scope 

than simi lar training programs at other companies . Our training 

programs for technicians and profess ionals are broad in scope . I t  is 

more speci f ic to nuc lear power plants than any training received in 

school ( with the exception of the nuc lear navy . ) Fiqures 1 and 2 

be low indicate initial and ongoing training times for our 

chemistry/ radiochemi s t ry personne l . 

Fiqure 1 

Technic ian Training 

A .  Initial 

8 weeks introductory 

2 weeks station familiarizat ion 

8 weeks spec ific chemistry/ radiochemistry 

B .  Ongoing 

4 weeks year 
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A .  Initial 
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Figure 2 

Professional Training 

1 6  weeks Orientation ' System Training 

B .  Ongoing 

3 - 5  weeks /year including advances technical and management 

training as applicable . 

At the same time , the DPC training program is much more spec i f ic to 

nuc lear power plants than any training that degreed chemists may have 

received in colleqe . 

Before addressing the specif ic training needs that are lacking in 

degreed chemists , it would be bene f icial to point out some of the 

unique aspects of working in "chemistry" at a typica l  nuc lear power 

plant . 
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An average of 2 0 0 0  radioactive samples are analyzed per 

month to clete�ne the radionuclides present . These may be 

broken c:lawD as follows : 

Tech spec and Releases : 3 5\ 

HP Job Coverage : 2 9\ 

Chemistry & Radwaste : 2 3 \  

Misce llaneous : 1 3 \  
The disintegration rate in dis integration per second ( dps ) 

varies from 0 .  3 dps ( for environmental samples ) to 

approximately 1 0 6 dps ( for reactor coolant ) .  We are also 

prepared to count several orders of magnitude higher in an 

acc ident s ituat ion . 

3 .  An average of over 1 0 0 0  radioactive samples are analyzed per 

month to determine the amount of pH , Cl- , F- , B ,  

conductivity ,  Li
+

, suspended solids , o2 , H2 , Al , Sio2 , Ca , 

Mg , and total gas . 

4 .  An average of over 5 0 0 0  nonradioactive samples are ana lyzed 

per month to determine the amount of pH , turbidity , BOD , 

conductivity , Cl- , Sio2 , Ca , Mg , Na+ , K+ , N 2H4 , NH3 , 0 2 , 

TOC , nitrite , cromate , borax , Fe , etc . 

5 .  An average of 3 0 0 0  thermo luminescence dos imeters ( TLD ' s )  are 

analyzed per month to determine the amount of radiat ion 

exposure received by workers . 

6 .  An average of 3 6 0  individuals are analyzed per month to 

determine the amount of internally depos ited radioac tive 

material . 
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7 .  AD av.ra9• of 1 5 0  environ.ntal •ample• are analyzed per 

month to dete�ne the amount of radioactivity pre•ent . 

"Radiochemi•try" at a nuclear power plant is u•ually a misnomer 

because chemical analyses are performed on sample• that j u8.t happen to 

be radioactive .  Radioactive samples have to be handled dif ferently 

f rom non- radioactive samples simply because they are radioactive . 

Also mo•t of the radioactive analyais ia done instrumentally ( > 9 5 \ ) 
rather than by cla••ical radiochemistry aeparation and countinq . Only 

tritium , Sr and a rare alpha count are separated and counted . 

Some of the area• that we fee l need to be addrea•ed in underqraduate 

courses in chemistry are summarized be low :  

1 .  Students need a better understandinq of what industry ( the 

" real" wor ld ) is all  about : qoals , work environment , 

attitudes , etc . Some type of exchanqe proqram where 

students could qet some industrial exposure would be 

bene f icial . This proqram may be a " special pro j ect "  

arranqement with a nearby industry o r  it may be plant tours 

in addition to traditional co-op and summer proqrams . 

2 .  Student• need an understandinq of bas ic enqineer inq 

principles . Requirinq a course s imi lar to " Introduct ion to 

Chemical Enqineerinq" would be benef icia l . Chemists work 

side by side with enqineers and operators to troubleshoot ,  

startup , or improve operations of larqe systems and 

equipment . Havinq a qeneral understandinq of basic 

industrial equipment and operation , thermohydraulics , and 
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f luid and m&as transport would make them better prepared for 

the plant environment . Aa an example , having an 

understanding of ion-exchange equilibrium theory in a 

laboratory sized column does not fully prepare an individual 

to ref ine the operations of a system in which ion-exchange 

vessels may be 6 to 8 feet in diameter ,·  2 0  to 3 0  feet high , 

operate a� high f low and/or resins are separated and 

regenerated within the vessels . 

3 .  Students need to be more f ami liar with the " state o f  the 

art" avai lable analytical instrumentation ( AA , IC , ICP , pH , 

conductivity , se lective ion electrodes , etc . ) used in 

industrial process control type applicat ions . 

4 .  Students need a general acquaintance with radioactivity and 

the biological ef fects of radiation and some knowledge of 

bas ic pr inciples of health phys ics . They should for example 

be able to di f ferentiate the health hazards o f  1 mi l l i rem 

vs . 1 rem . 

5 .  Students need a general acquaintance with labor atory 

techniques for handling/ contro l ling radioactive s amples . An 

overview of the types of counting equipment , theory of 

operation , and how to choose a particular sys tem for 

spec i f ic applications should also be inc luded in cour se s . 

6 .  students should be given a general overview of �WR and BWR 

systems and types and levels of radionuc les encountered . 

They should be introduced to the leve ls  of  radiation 

encountered during maintenance and the restraints it 

imposes . 
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7 .  Students need a basic understanding of radioactive waste . 

� sbould know the regulatory and working definitions of 

hivh-level· and low- level radioactive waste , how industries 
. 

which use radioactive materia�• generate waste , and what 

basic treatment and. disposal techniques are currently in 

use . Mo8t rad.waste treatment involves concentration of a 

trace impurity f rom a bulk waste stream � examples of 

treatment techniques are f i ltration , adsorption , and storaqe 

for . decay of qaseous wastes , f i ltration , ion exchanqe , and 

evaporation for liquids , drying , encapsulation , and. 

solidif ication for wet solid waste , incineration and 

compaction for compres s ible dry waste , and sur f ace remova l 

techniques for reusable solids such as metal and plastic 

surf aces . Students should know the concept of vo lume 

reduction and what volumes are qenerated and how this vo lume 

compares to hazardous chemical wastes and sanitary wastes . 

8 .  Generally one or two e lective courses on radiochemistry are 

offered in underqraduate chemistry proqrams . It should be 

benef icial if introductory material on radiochemistry is 

made an inteqral part of core phys ical chemi stry cour ses . 

In this setup every chemistry student wi l l  qet a mandatory 

exposure to the bas ic princ ip les of  radiochemi stry . 

9 .  Need to emphas ize " real wor ld" radiochemistry in the bas ic 

radiochemistry courses of fered in underqraduate chemis try 

proqrams . I nc lusion of reactor phys ics and bas ic princ ip les 

of  operation of various types of power reactors should be 

bene f icial .  
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1 0 . courses in radiochemistry should inciude laboratory 

••••ions . Laboratory sessions should provide basic 

understanding of ra4ioanalytical techniques and principles 

of counting . 

1 1 . Needs hands -on contamination control experience . In-coming 

degreed personne l in general carry over their habits that 

are acquired in co� lege . Usually they are pretty s lovenly 

concerning contamination control . 
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