
 

 

Accelerator Radiological Protection 
A Personal and Privileged Odyssey 

 

Ralph H. Thomas 

William Morgan Lecture 

Health Physics Society Annual Meeting 

San Diego, California 

23 July 2003 

 

‘The first law for an historian is that he shall never dare utter an untruth. The second is that he shall suppress nothing that is 

the truth. Moreover, there shall no suspicion of partiality in his writing, or of malice(1). 

Marcus Tullius Cicero 

Pro Publio Sesto (circa 50 BC) 

 

 

Abstract 

It is not generally recognised that it was at accelerator laboratories that the foundations of the health physics profession, 

as we know it today, were laid. 

The dying years of the nineteenth century saw the birth of radiological protection. Roentgen’s discovery of x-rays in 

1895 with the aid of a primitive electron accelerator foreshadowed the important rôle particle-accelerators were to play. With 

the development of ion accelerators in the early 1930s, at Berkeley and Cambridge, there followed a succession of 

discoveries – the neutron, induced radioactivity, radiopharmaceuticals, tritium, the first transuranic element (all before the 

first self-sustaining neutron chain reaction in 1941).  

The author first became aware of particle accelerators at the age of fifteen, when he joined the Atomic Energy Research 

Establishment at Harwell in England. A decade later he performed research in nuclear physics at its 110-inch 

synchrocyclotron. Subsequently he spent the next 50 years working mainly at Berkeley, but also at several major high-energy 

laboratories around the world. With this experience as a basis this paper describes early progress in the understanding of 

high-energy accelerator radiation environments.  

The progression of interest in the development of shielding design through measurement, radiation transport calculations, 

the impact of accelerators on the environment, and dosimetry in accelerator radiation fields is described and discussed. The 

impact of notable personalities, and Burton J. Moyer in particular, on the development of both the basic science and on the 

accelerator health physics profession itself is described.  

In the final Section, which discusses the future of accelerator radiological protection, some emphasis is given on the 

technical, social and political aspects that must be faced in the years ahead. 
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1. The Morgan Lectures 

The first Morgan Lecture, entitled ‘Radon in Albion’ was presented by Michael C. O'Riordan to the Annual Meeting of the 

Health Physics Society in Albuquerque in 1989. This year, 2003, brings the total number of lecturers to twenty-five and it is 

indeed a great honour to stand at the podium illuminated by such scholars as, among others, Newell Stannard, Burton 

Bennett, Paul Ziemer and Herwig Paretzke. In particular, it gives me particular pleasure to follow in the footsteps of Hans 

Menzel, Maurizio Pelliccioni and Takashi Nakamura from our own accelerator community. 

 

2 - The Problem with History 

When Carter Ficklen approached me as to whether I would agree to be nominated as Morgan Lecturer he suggested that 

a suitable topic might be ‘The history of accelerator radiation protection’. While agreeing there were some misgivings on my 

part. Simply stated: there is a problem with ‘History’. 

Cicero gives would-be historians a clear definition of their duties(1) but there is considerable dissent amongst scholars as 

to whether these obligations have been fulfilled. To Cicero’s noble and idealistic description of ‘History’ as ‘the witness that 

testifies to the passing of time; it illuminates reality, vitalises memory, provides guidance in daily life----’(2) the engineer and 

entrepreneur Henry Ford responds with ‘History is more or less bunk’(3). A similar sentiment was expressed more poetically, 

but with devastating effect, by the English scholar Matthew Arnold when he described history as ‘that huge Mississippi of 

falsehoods’(4). 

The difficulty surely is that historians must inevitably make subjective interpretations of accepted facts. Perhaps this 

audience would agree with the premise that in the Humanities the standards for the acceptable burdens of proof are of 

necessity less rigorous than those demanded in the Natural Sciences. Scientists are trained to draw conclusions from 

discovered facts; non-scientists tend to seek facts to support conclusions that they have already formed*. 

Thus the task of preparing a brief review of the History and Future of Accelerator Radiological Protection must be 

undertaken with some caution and the realisation that it cannot be a work of perfect scholarship. Much depends upon the 

writer's experiences and subjective interpretations of them.  

Fortunately the History of Accelerator Radiological Protection is well documented in the scientific literature [for 

bibliographies see references (5-9)]. One of the most satisfying professional experiences shared with Wade Patterson was to 

join with about forty friends and colleagues to summarize the work of nearly two hundred of the pioneers in our field(7). This 

work was done by the contributers as a professional obligation, with no expectation of personal reward, with efficiency and 

great good humour and in record time. Eddie Goldfinch of Nuclear Technology Publishing is warmly thanked for his support 

of this endeavour.  

In the applied sciences innovations do not usually originate in only one place, at one time in the heads of a single 

individual but more usually occur to several people, at about the same time and in different places. Limitations of space 

demand brevity and rather than attempt a broad review I have chosen to take the advice of the English philosopher John 

Locke(10) and give a compilation of impressions, anecdotes and conclusions based on personal experience, organised in a way 

to draw out a few important themes. Not everyone will agree either with the selections or the conclusions. Inevitably much 

important work and many significant personalities will not be mentioned. I apologise in advance for any such omissions but 
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*Perhaps until recently this view had given scientists the perception that they occupied the high moral ground in the world of ideas. With the recent exposure 
of scientific misconduct at the University of California and at the Bell Laboratories in New Jersey we now are forced once again to reflect that scientists are 
subject to the same flaws that beset all of humanity. 



 

hope that the bibliography provided will lead the interested reader to more extensive information on particular topics of 

interest. 

I was born in 1932 that annus mirabilis in which modern accelerators were born, the neutron was discovered and John 

Cockcroft and Ernest Walton danced down the streets of Cambridge happily singing ‘we’ve split the atom’ to the 

bemusement of all the passers by. These events were eventually to have a great influence on my life and I sometimes like to 

think that Lachesis, one of  the Fates of Greek mythology, who assigns to each man to his destiny, chose to smile upon me 

that year.  

My experience in working with particle accelerators began more than fifty years ago at the 110-inch Harwell 

synchrocyclotron and my interest in accelerator radiation protection began in 1960 at the Rutherford Laboratory with studies 

of skyshine at the 50 MeV proton linear accelerator and shield-design for the 7 GeV proton synchrotron Nimrod. In 1963 this 

interest eventually led me to Berkeley for ‘a couple of years’ that became forty. It has been a long and interesting journey and 

has extended to co-operation with colleagues at many of the high-energy laboratories around the world. 

During this talk I should like to talk briefly about six important topics. Firstly to show the close relationship between the 

birth of health physics in general and accelerator radiological protection in particular. Many of my examples will be drawn 

from experiences at Berkeley and this provides me a convenient segue to my next four topics. No discussion of the work at 

Berkeley can fail to omit the impact of Burton Moyer on all aspects of acelerator radiation studies. Moyer, of course, is 

honoured by our own Society by the award named after him. The lecture will end with some discussions of the future trends 

and needs for accelerator radiological protection. 
 

3. Accelerator Radiation and the Birth of ‘Health Physics’ 

Let me begin with a proposition. It is one that I advanced about a decade ago at the IRPA meeting held in Montreal(11). 

The proposition, simply stated, is that it was because of particle accelerators and out of accelerator (nuclear physics) 

laboratories that the seeds of the discipline we now know today as ‘health physics’ were sown in the 1930’s –not as some 

have suggested during the years of the Manhattan Project (circa 1942). In Montreal these ideas were not well received by the 

Establishment, but here, before my accelerator colleagues perhaps the soil will be more fertile. Later in the lecture, to even 

further test your patience, I shall argue that the limitation of exposure to ‘accelerator-like’ radiations may very well be the 

most important concern of health physics for the future. Rather in the style of words of the Revelation of Saint John, I suggest 

that accelerator radiological protection is, so to speak, ‘the ‘Α and Ω, the beginning and the end, the first and the last’(12). 

Although not published until 1897, J. J. Thomson’s work on cathode rays and consequent discovery of the electron(13) 

preceded Roentgen’s discovery of x-rays in the December of 1895(14) – a year before the announcement by the Curies of the 

discovery of radioactivity. The cognoscenti were therefore aware that x-rays had been produced by a primitive electron 

accelerator. X-rays were immediately applied to diagnosis and therapy in medicine Quod erat demonstrandem! If there any 

that remain unconvinced let them consider the record of next thirty years. 

Although it is true that the fate of the radium dial painters was beginning to draw attention in the late 1920s(15), the 

primary concern of radiological protection was to protect patients, medical and nursing staff from harm due to overexposure 

to photons. In the United States, by 1934 the protection limit for external to photon exposure was set at 0.1 r per day(16). 

In 1932 Cockcroft and Walton in Cambridge, and Lawrence and Livingston in Berkeley announced their seminal 

experiments with the new particle accelerators(17-19). In the same year the neutron was discovered. From that point events 

moved rapidly. 
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By 1935 the matter of protecting cyclotron staff from exposure to neutrons, thought to be more damaging than X-rays, 

became important. ‘Lawrence ----(in 1935)----exposed $120 worth of rats near the beryllium target of the 27-inch (Crocker 

Laboratory) cyclotron and at the Sloan machine in San Francisco. The neutrons appeared to be about ten times as effective 

as X-rays per roentgen in altering the makeup of the rodent blood, or five times as effective per unit of ionisation since (they 

estimated) a roentgen of neutrons made twice the ionisation in rat tissue that a roentgen of x-rays did. Since the standard 

tolerable limit of x-rays was 0.1 r/day, they recommended prudently that the maximum for n-rays be 0.01 r/day’(20,,22). 

Today we would say that for radiation protection purposes the RBE, quality factor, radiation weighting factor, or 

whatever term is now in fashion, for neutrons was about 5 to 10. One might reflect that we haven’t come very far in 68 years 

(almost my lifetime!) 

In 1936 Stone et al. began their studies of the application of neutrons to radiotherapy. The effort was abandoned after 

Stone offered his opinion that ‘neutron therapy as administered by us has resulted in such bad late sequelæ in proportion to 

the few good results that it should not be continued’(23,24). At that point deemed a failure, these initial studies laid the 

foundation to the successful treatment of many  thousands of cancer patients at the Hammersmith cyclotron some 30 years 

later. 

In the that same year, 1936, Hamilton and his colleagues continued with their studies of the metabolism of radionuclides, 

while Aebersold et al. persisted with radiobiological studies by irradiating mice to neutrons. 

In 1939, by ingenious experiments with the aid of the 60-inch cyclotron of the Crocker Radiation Laboratory, Alvarez 

and Cornog were able to establish that, of the isotopes of mass 3, 3He was stable while tritium was radioactive.(25-27). 
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 Tribune and the Ernest Orlando Lawrence Berkeley National Laboratory). 
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By 1941 a youthful Edwin McMillan had identified element 93, which he subsequently named Neptunium(28-29). By the 

end of 1942 Seaborg had isolated plutonium and the first sizeable quantities of 235U had been isolated by an accelerator-like 

device known as the Calutron – after Cal, the Berkeley campus of the University of California. But by that time the secrecy 

engendered by the war already waging in Europe and Asia and soon to engulf the entire world had set in and little more was 

to be published until hostilities ceased. 

Thus by the end of 1942 the fundamental aspects of the tasks that has occupied health physics for the past 60 years were 

defined by the work of accelerator laboratories. On the 2 December 1942 the first self-sustaining neutron chain reaction was 

achieved by Fermi and his colleagues under the West stand of Stagg Field of the University of Chicago(30).. 

 

4. Burton J. Moyer – ‘the father of accelerator health physics’ 

Professor Moyer was a most distinguished teacher, physicist, administrator and human being. His many achievements in 

nuclear and high-energy physics include the discovery of the πo meson. He had the respect of his colleagues. Panofsky and 

Segrè, that sternest of critics, and others have written of their admiration of his abilities(31,32). A measure of the esteem in 

which he was regarded is his election as Chairman of the Physics Department at Cal, at a time when the department boasted a 

handful of Nobel Laureates, in which position he served intermittently from 1962 until 1970. It was during the mid-sixties – a 

troubled time on university campuses in the United States - that Moyer’s great integrity came to the fore. In the difficult days 

of the Free Speech Movement and the anti-Vietnam-War demonstrations Moyer was one of the few individuals in whom 

students, faculty, staff and administration alike could place full confidence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Burton J Moyer on his Appointment as Chairman of the Physics Department at Cal (1962). 

(Courtesy Ernest Orlando Lawrence Berkeley National Laboratory) 
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Immediately after the Second World War there was no profession of accelerator health physics as we would usually 

understand the term today. Pief Panofsky of Stanford has written of this time ‘the principal calculations relating to 

accelerator radiological protection were more than likely done by the responsible physicists rather than separate specialists. 

For instance, Norman Ramsey at Harvard University personally did many of the shielding calculations for the Harvard 

cyclotron and I had the privilege to calculate electromagnetic shower propagation and the resultant track length for 

photonuclear processes in shielding for the proposal to construct the Stanford two-mile linear accelerator’(31).. Accelerator 

groups at other National Laboratories operated in a similar manner. For example, at Brookhaven National Laboratory Sam 

Lindenbaum, a particle physicist, made significant contributions to shielding and skyshine studies(33-36) . Eventually the 

burden of accelerator radiological protection became sufficiently heavy that specialists were needed; in consequence they 

were grown from within the accelerator and particle physics communities(31). 

In 1947 Ernest Lawrence requested that Burton Moyer devote a fraction of his time in establishing a professional health 

physics group at the Radlab. It was an unusual appointment at that time, because people of such academic distinction were 

not usually burdened with tasks of this nature, less senior people usually being appointed. The choice of Moyer reflected 

Lawrence’s understanding of and concern for the ‘radiation protection issue’. His choice was to bear handsome fruit when the 

early operation of the Bevatron presented formidable and novel problems that needed accurate and rapid solutions. Panofsky 

has commented on the manner in which Burt carried out his new task ‘After the war, responsible radiological protection was 

greatly promoted through the efforts of Burton J. Moyer, who managed to be a highly productive experimental particle-

physicist, while taking responsibility for radiological protection’(31). With his creation of an independent health physics 

group, with which accelerator designers could consult on matters of accelerator radiation safety, Moyer set a pattern followed 

by Accelerator Laboratories around the world. 

At Berkeley, Moyer could draw could draw on eminent scientists for leadership, support and counsel. From the very 

beginning, even before the Manhattan Project, there had been an interest in the biological consequences of exposure to the 

radiations produced by the early accelerators. The Lawrence brothers pioneered studies of the radiological effects of radiation 

produced by accelerators and many of their colleagues shared this interest. In the late forties and fifties there was assembled 

at the Radlab a group of scientists who made significant decisions that greatly influenced accelerator radiological protection. 

Among these were, of course, the Lawrences, together with Edward Lofgren; Edwin McMillan; Wolfgang Panofsky and 

Cornelius Tobias. It is natural, therefore, that the ‘Birthplace of the Cyclotron’ should also become the ‘Birthplace of 

Accelerator Health Physics’. 

To his students and protégés Moyer became known as ‘The Father of Accelerator Health Physics’. He made many 

seminal decisions that were to shape the work of accelerator health physicists around the world. Most importantly Moyer 

remained actively engaged in radiation studies and his publications are still studied today. 

With his writings and example Moyer established a philosophy of radiation dosimetry that was adopted at most 

accelerator laboratories(37,.38). Moyer noted that in contrast to the stability of the physical aspects of radiation dosimetry the 

biological basis for radiation protection was still new and subject to improvement and change. He therefore emphasized the 

characterization of the accelerator radiation environment in terms of its component radiations and their angular- and energy-

distribution. From this information the radiation protection quantities required by administrative regulations could always be 

determined provided, of course, these regulatory quantities were properly defined. It is a philosophy seems all the wiser with 

the passage of time and will be discussed in more detail later, in Section 6. 
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Moyer is perhaps best remembered for the ‘Moyer Model’. First used to design the shielding for the improved Bevatron, 

the model has been ‘fine-tuned’ in some respects and has served in the design of many subsequent accelerator shields(39,40). 

The following Sections 5-7 will describe the development during the seventies and early eighties of Moyer’s early ideas in 

the areas of shielding, dosimetry and skyshine. 

 

5. Shielding  

In the mid-1950s the two early proton synchrotrons, the Cosmotron and the Bevatron, were at the centre of a radiation 

crisis. Ironically it was a crisis caused neither by failure nor by any sin of omission but rather by over-performance. The 

engineering designs were superb and these accelerators performed better than expected with the consequence of radiation 

problems that needed prompt attention. 

As early as 1943 Oliphant proposed the construction of a proton synchrotron and prepared preliminary design four years 

later. This accelerator was constructed at the University of Birmingham and first operated in 1953 at a beam intensity of ~106 

protons per pulse (41-43). With the exception of direct beam exposure there were no significant external radiation hazards. 

Meanwhile in the United States more ambitious plans were underway for the design and construction of two 

synchrotrons – a 3 GeV accelerator, called the ‘Cosmotron’, to be constructed at Brookhaven National Laboratory and the 6 

GeV 'Bevatron' to be built at the Radiation Laboratory in Berkeley. Both these accelerators were designed with the 

expectation of beam intensities a thousand-fold greater than that of the Birmingham machine.  

The Bevatron. The Bevatron was the third first-generation weak-focussing proton synchrotrons to be constructed during 

the first decade following the end of the Second World War. It was designed to accelerate protons to a kinetic energy of 6.2 

GeV with an initial beam intensity of 109 protons per pulse, at a repetition rate of 10 pulses per minute. At this design 

intensity no significant radiation problems were expected at large distances from the synchrotron. 

The synchrotron was almost circular in shape with a circumference of about 126m. Shortly after its first operation the 

synchrotron was contained within a cylindrical concrete shield-wall, about 2 m thick but with no permanent overhead 

shielding other than that provided by the magnet yoke and pole tips, amounting to about 1m steel. In those early years the 

close-in radiation field was largely determined by the leakage of intermediate-energy neutrons through the magnet yoke. 

Bevatron targets were placed in the vacuum chamber and proton losses could occur over large regions around the ring. 

Additional overhead concrete shielding was often placed over sources of radiation from the tangent tanks (straight sections), 

which had no magnets (44). 

Within a few months of its first operation in 1954 the design intensity of ~109 protons per pulse was achieved and within 

a year an intensity of ~1010 protons per pulse was attained. By 1962 the beam intensity had exceeded 1011 protons per pulse, 

at which intensity operations were severely restricted. Conditions at Brookhaven were similar. 

The operational problems of the Cosmotron and Bevatron were discussed at a meeting held in New York in 1957(33). At 

that meeting Lindenbaum(35) and Lofgren(45), among others, gave compelling descriptions of the problems caused by 

inadequate accelerator shielding. This meeting stimulated radiation studies at all laboratories that were planning, designing or 

constructing new accelerators. Thereafter, all high-energy accelerator design teams included radiation specialists in their 

ranks.  

At the Bevatron, as already explained, improvements in operating efficiency steadily increased the available beam 

intensity but, because of radiation restrictions, this resource it was not always accessible to experimenters. As a temporary 

mitigating measure shielding was placed around accelerator components as the radiation intensity increased. Concurrently 
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pressure increased for even higher beam intensities, so that rarer particle interactions might be identified. In retrospect. during 

the decade 1954-1964 the number of protons accelerated per annum increased by a factor of roughly 6000. Consequently 

there was a greatly increasing potential for exposure to high-energy neutrons and photons similar in character to, but at 

greater intensities than, those resulting from the interaction of the cosmic radiation with the Earth’s atmosphere. It became 

clear that extensive modifications were necessary and. in 1962 shielding above the accelerator was installed(39,40,46). Figure 6 

shows Moyer’s roof shield being installed. 
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The method used by Moyer to design the Bevatron roof shielding provided the basis for 

next decade or more. A point kernel method was expressed by: 
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 to a modifed absorbed dose quantity, Dmod, (usually dose equivalent) conversion coefficient, B 

d λ is the attenuation length. The remaining symbols are explained in figure 7. 

 to recognise that, despite the broad energy range of the reaction products created within the shield, 
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lue. Moyer also derived a simple representation of the angular distribution for these high-energy 
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neutrons, to which he gave the symbol g(θ). It was later shown that, at angles close to 90° to the target, g(θ), was exponential 

in character, of the form exp(-βθ)(47). 
 

 

 

 

 

 

 

 

 
Figure 7. Schematic repre
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incident on the target and Ψ(E) is a coefficient that converts fluence to the appropriate 

sually dose equivalent). 

ended to reduce radiation levels by a factor of 100. Subsequent measurements, 

,α)24Na reaction, showed a reduction by a factor of 95(48). 

ccess of the Mover design in the case of the Bevatron, the basic data necessary for the 

ield design were nevertheless not known with sufficient accuracy. There was uncertainty 

t for the removal attenuation length for neutrons. Disparate interpretations of existing data 

d to large differences in calculated shield thickness. For example, in his design of the 

d a value of λrem of 130 g cm-2 whereas De Staebler used a value 170 g cm-2 in earth in his 

 20 GeV electron linear accelerator at Stanford (49).  

hielding experiments were performed to determine the data needed to design economic 

le shielding materials (earth, concrete and steel). These were usually collaborative efforts 

s were treated in an identical fashion as other nuclear physics or high-energy physics 

the principal use of the accelerator time. Proposals were submitted, approved and 

athering occupied weeks to months. Analysis of the data took months to years. Such 

eyond the resources of one laboratory. It is indeed a tribute to the accelerator community 

rded to the radiation physicists for shielding studies, particularly at the front rank 

e competition for accelerator time for fundamental studies. It is also an indication how 

d become.  
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ully designed his shield for overhead (transverse) shielding than a technical development 

ed the focus of shield design. Hitherto the full beam intensity of the accelerator had been 



 

confined within in the vacuum chamber. It now became possible to extract a large fraction of the circulating beam and direct 

it to experiments. The location of the radiation source had been moved. Shielding now had to be provided that was capable of 

absorbing this extracted beam and beamstop studies became urgent. 

Beamstop Experiments. Several operational modes of high-energy accelerators require the ‘dumping’ of almost the 

entire accelerated beam after use. Design of ‘back-stops’ or ‘beam-dumps’ required an empirical understanding of the 

mechanisms of the electromagnetic and hadronic cascades produced in material by high-energy particles.  

The typical beam-stop experiment consisted of a large array of blocks assembled so that radiation detectors could be 

inserted to explore the spatial distribution and composition of the radiation field in the assembly. These experiments were 

large: for example, a concrete back-stop assembly used at Berkeley measured 8.5m (28 ft) long by 6.7m (22 ft) wide by 5.5m 

(18 ft.) high and weighed 755 tonnes. 
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Figure 9. The relative transmission of hadrons, measured by the 27Al(n,α)24Na reaction, along the beam 

axis through concrete for incident proton energies of 2.2, 4.2 and 6.2 GeV protons. The data are normalized 

at a depth of 8 feet [2.44 metres]. (Smith et al. 1964). 

(Courtesy of Ernest Orlando Lawrence National Laboratory) 

 

 

 

 

 

 

 

 

 

 
Figure 10. The relative transmission of hadrons, measured by the 27Al(n,α)24Na reaction, along paths at 

various angles from 0° to 60° from the point of incidence of the proton beam. The data are separated for 

ease of viewing. The incident proton energy was 6 GeV. (Smith et al. 1964). 

(Courtesy of Ernest Orlando Lawrence National Laboratory). 

 

 

Data obtained from such experiments greatly improved the understanding of hadron cascade development and 

strengthened confidence in the Moyer model. However, there remained anomalies to be explained. Table 1 shows some of the 

data for concrete obtained from beam stop experiments. Large differences in the measured attenuation lengths are evident. In 

the case of concrete the range was from 108 to 164 g cm-2. Similar experiments in steel showed a range was from 119 to 179 

g cm-2. In both cases the observed range in values is larger than would be expected from the reported errors. The explanation 

of these differences is complicated. In the forward (beam direction) particle equilibrium is achieved at increasing depth in the 

shield as the incident beam energy increases. (By comparison in the transverse direction equilibrium is achieved almost 
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immediately at shallow depths in the shield). There can therefore be inconsistencies in the definitions, by different authors, of 

the term ‘attenuation length’. Other differences can arise because of experimental techniques, beam characteristics and 

sometimes-incorrect estimates of shield material density. IAEA Technical Report 283 provides a detailed summary, 

discussion and interpretation of such data(8).  

 
Table 1 

A Comparison of Neutron Attenuation Length in Concrete Measured in Beamstop Experiments 1952-1964 

Laboratory Year Proton 

Energy 

(GeV) 

Shield Density 

(g cm-3) 

Radiation 

Detector 

Attenuation 

Length 

(g cm-2) 

Reference 

CERN 1962 20 3.6 Nuclear 

Emulsion 

132±10 Citron et al. 

[1961] 

ORNL 

& RL 

1962 10 3.6 Nuclear 

Emulsion 

164±20 Thomas (Ed.) 

[1963] 

DESY, SLAC & 

CERN 

1962 20 3.6 Nuclear 

Emulsion 

132±20 Thomas (Ed.) 

[1963] 

UCRL 

 

1964 6.2 2.4 11C activation 108±20 Smith et al. 

[1964] 

UCRL 

 

1964 6.2 2.4 24Na activation 112±20 Smith et al. 

[1964] 

UCRL 

 

1964 6.2 2.4 198Au activation 116±20 Smith et al. 

[1964] 

RL 

 

1964 6.2 2.4 32S activation 123±10 K. B. Shaw 

[1964] 

 

Overhead or Transverse Shielding Experiments. Moyer’s Bevatron shield was designed for the direction transverse to 

the beam. In this direction the incident particle spectrum is ‘softer’ than in the forward direction. Transverse shield design is 

of importance for strong–focussing proton accelerators such as the CERN SPS or linear accelerators such as that at the 

Stanford Linear Accelerator Center. 

Shielding data may be obtained made by exploring the spatial distribution and composition of the radiation field in the 

earth covering of operating accelerators constructed by the "cut-and-fill" technique. Radiation detectors can be inserted in the 

shield via tubes inserted in boreholes in the soft earth.  

The first such set of measurements of this type was reported by Casey et al. at the Brookhaven AGS(58). Figures 11 and 

12 show examples of the experimental data. 

 

Following this lead a similar but more extensive set of measurements made at the CERN PS(59) and was a collaboration 

between several accelerator laboratories to provide information for the shield-design of the Fermilab proton synchrotron and 

the SPS. Similar measurements were also made at the 4 GeV electron accelerator NINA(60). 
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Figure 11. Iso-fluence contours in the tunnel of the Brookhaven National Laboratory. Measurements were 

made with carbon activation[(12C(n,2n)11C]. The shielding of the magnets may be clearly seen. (Casey et. 

al. 1967). 

(Courtesy W. R. Casey) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Transmissio

(Casey et. al. 1967). 

 

n of neutrons though the sand shield of the sand shielding of the BNL AGS tunnel. 

(Courtesy W. R. Casey) 
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The interpretation of the overhead shielding experiments was greatly assisted when the point kernel model developed by 

Moyer was adapted to take account of the finite dimensions of the radiation source inside the accelerator. With as few as five 

parameters it was possible to reproduce measured data in the earth shield, to an accuracy of ±20%, over regions extending 

spatially over nearly 100 metres and over a range of five order of magnitude in fluence, (see figure 13). The value attenuation 

length in earth resulting from this analysis was reported as 117 g cm-2, with an estimated error of  ±2 g cm-2. This value is in 

good agreement with the values measured for concrete of density 2.4 g cm-2 given in Table 1. Following this achievement 

significant advances in radiation transport calculations and comparison between theory and experiment made shielding 

design much more accurate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. The application

shielding of the CPS. (Gilb
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 = Ψ0.Ep
m    (3) 

to assume the exponent, m =1 (neutron production was proportional to proton energy). 

s usually made in accelerator shield design(61). However, as accelerators increased in size it 

racy of shield design for economic reasons. At the early stages of the design a 20 TeV 
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collider planned, but never constructed, near Dallas the issue became important. The super-collider was to have a 

circumference of about 60 km. Unwarranted conservatism in the design of such large hadron facilities could have been 

prohibitively expensive. 

From studies of hadron cascade development Feinberg had suggested that m had a value of about 0.75(62). Liu et al. 

evaluated available measurements of H(Ep)in the energy range from 6-30 GeV and concluded that, although the best value of 

m was 0.77±0.26, the poor accuracy of the data did not make it possible to distinguish between the conservative assumption 

(m=1) and Feinberg’s predicted value of 0.75(63). However, shortly after this analysis Cossairt et al. published measurements 

of H(Ep) 350 GeV(64). Although not of great accuracy these measurements made an improved estimate of m=0.80±0.10 

possible. Furthermore it was possible to reject the hypotheses that m might have the values 0.5 or 1. In the energy range 

5GeV≤ Ep ≤500 GeV the most reasonable fit to the date was(65): 

Ψ0(Ep) = 2.8 10-13 Ep 
0.8 Sv.m2   (4) 
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bands for the data analysed by

measurements of Cossairt et a

 

 

6. Ra

The radiation fields outside the shi

neutrons whose energies are widely di

while there is no technical difficulty 

advisory bodies as to the interpretation

of the many changes in radiation prote

system of radiation protection quantitie

has led to the wry comment: ‘It seems t

 

n of primary proton energy, Ep.The dashed lines shows the 95% confidence 

 Liu et al. while the solid lines shows the improvement in this band when the 

l. are included  (Thomas and Thomas 1984). 
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a new quantity’” (67). These uncertainties have had severe consequences for neutron dosimetry for the purposes of radiological 

protection.  

In the 1950s Moyer, among others, anticipated this evolution (or instability) of dose equivalent quantities and elected a 

more stable basis for radiation protection measurements at the Berkeley accelerators(37,38). His philosophical approach to 

radiation dosimetry was to eschew any attempts to directly ‘measure’ dose equivalent quantities but rather to systematically 

identify the components and characteristics of the high-energy radiation fields. This approach required the measurement of 

integrated particle fluence, Φ, energy spectra (dφ/dE) and, to a limited extent, the angular distributions of particles in the 

field. Such a procedure had (and still has) the advantage that the physical data may, at any time, be interpreted in terms of the 

then current ICRP and ICRU dose equivalent quantities by appropriate conversion coefficients, g(E). The values of 

conversion coefficients g(E) are dependent upon neutron energy and irradiation geometry and their determination will briefly 

be discussed in what follows. 

If the differential energy neutron spectrum, (dφ/dE), is determined and a conversion function, [a set of appropriate 

conversion coefficients as a function of energy, g(E)], is available the relevant dose equivalent (modified absorbed dose) 

quantity, Dm, may then be calculated  from: 

   ( )dEdEdEgD
E

E
m ∫=

max

min
)( φ    (5) 

where Emin and Emax are the minimum and maximum energies bounding the spectrum.** 

In fact all ‘dose equivalent’ quantities are modified absorbed dose quantities. Over the years ‘the relevant dose 

equivalent (modified absorbed dose) quantity’ has taken on many guises, some nominal, others significant. Given names 

include RBE dose, Dose equivalent, Maximum dose equivalent, Dose equivalent indexes, Ambient dose equivalent, Effective 

Dose Equivalent and Effective Dose. 

Total neutron fluence. Total neutron fluence, Φ, is the principal field quantity of interest in neutron dosimetry for 

monitoring purposes in accelerator radiation protection. The techniques of radiation measurement that are made to determine 

neutron spectra are described in the basic texts [see, for example, references(8,9)]. 

If the differential energy spectrum, (dφ/dE), is known the total neutron fluence is given by: 

 

dE
dE
dE

E
∫=Φ
max

min

φ      (6) 

 

The total fluence may be measured with an absolute accuracy more than sufficient for the purposes of radiation 

protection dosimetry and may be related to the required modified absorbed dose quantity, Dm, by a spectrum-averaged 

conversion coefficient, <g>, by the equation: 

   Dm = <g>Φ    (7) 

The derivation of <g> will be described in what follows. 

Energy Spectra. In earlier times the neutron spectra were estimated by the application of unfolding routines applied to a 

series of measurements with detectors of various and differing energy responses. It is important to note at this point that, in 

                                                           
** In the case of proton accelerators it is usual to consider the minimum energy to be that of thermal neutrons (~2.5 10-8 MeV) and the maximum energy to be 
that of the primary protons. These assumptions are generously conservative because it is most improbable that neutrons with energy as high as that of the 
primary protons will penetrate the accelerator shielding 
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general, the dose equivalent in broad energy is not strongly dependent upon the shape of the neutron spectrum and usually 

rather rough estimates suffice for the purposes of radiation protection dosimetry. Nevertheless the application of modern 

computer transport codes have greatly improved this process. These codes now make it possible to simulate the radiations 

emitted within the accelerator itself and transport them through accelerator components and shielding to any desired point in 

the environment. It is thus possible to obtain good estimates of the neutron spectra to which people may be exposed (see, for 

example the discussion of the work of Donahue et. al using the computer code MCNPX(68.69). Given access to such resources 

reliable estimates of spectra are readily obtainable. 

Neutron Angular Distribution: Direct measurements of angular distribution of neutrons in the radiation field of particle 

accelerators are rarely made and are not usually necessary for the purposes of radiation protection dosimetry at accelerators. 

They may be obviated by the selection of appropriate irradiation geometries in the determination of the conversion function. 

The radiation field outside accelerator shielding is typically produced by many diffuse sources. The preponderance of the 

dose is deposited by relatively low-energy neutrons, which are scattered isotropically in air and by surrounding structures. 

Persons present in the radiation field are typically randomly oriented with respect to the incident radiation (walking, sitting, 

sleeping). These facts lead to the conclusion that the typical exposure will be isotropic in character. 

Conversion Coefficient Data. Coefficients for the conversion of neutron fluence to ‘dose equivalent’ quantities have 

been published since the late 1950s(70-81). The earliest calculations were by present standards quite primitive, with simple 

tissue equivalent slab phantoms and for limited (usually AP) irradiation geometry. ICRP 51 contains some limited data for 

conversion coefficients for the standard geometries while later reports contain data in most or all standard geometries. 

Modern transport calculational methods now make it possible to determine conversion coefficients for many irradiation 

geometries and with anthropomorphic phantoms. In order to facilitate these calculations the ICRU have adopted the 

conventions of expansion and alignment and selected five standard geometries with which it is possible to calculate 

conversion coefficients appropriate to broad neutron radiation fields such as those around particle accelerators(82,83). In 

addition, by convention the standard geometries have been selected for typical calculations. The five standard irradiation 

geometry’s are: AP (antero-posterior): phantom irradiated from front to back; PA (postero-anterior): phantom irradiated from 

back to front; LAT (laterally): phantom irradiated from the side; ROT (rotationally): phantom irradiated while rotating about 

its longitudinal axis in the field; ISO (isotropically) phantom irradiated isotropically. A good summary of the methods by 

which conversion coefficients may be calculated may be found in ICRU Report 57(76a, 76b). 

The surprising stability of Conversion Coefficients. The definition of ‘the modified absorbed dose quantity’ for which 

the conversion coefficients have been determined has been extremely volatile during the past fifty years. It is only fairly 

recently that calculations have been made for all the standard irradiation geometries and there is still no general agreement as 

to phantom specification. The earliest and all subsequent calculations were made for AP irradiation geometry and it is 

therefore possible from these data to assess the overall fluctuations caused by the changes over time of definitions and 

parameters on the value of the coefficients. McDonald et al. have commented on the fair agreement between the historical 

sets of conversion coefficients for AP irradiation geometry: ‘Significant changes in the radiation protection quantity have 

taken place. Interestingly, neutron conversion coefficients have remained nearly invariant’(84). This is a somewhat surprising 

conclusion but one that is supported by others. For example, Thomas and Zeman, in developing a set of conversion 

coefficients from a review of the latest data, have observed the good agreement between the conversion coefficients for the 

MADE of ICRP 21 and those for E of ICRP 74 calculated in AP irradiation geometry: ‘For much of the energy region of 

interest the two coefficients agree within ±20% but with a notable difference of about a factor of 2 at 100 keV. For typical 
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accelerator neutron spectra, when the dose equivalent must be obtained by integration over a wide energy region, the MADE 

and Effective Dose agree to better than ±20%’ (81). 

Figure 15 shows a plot of recommended conversion coefficients drawn from the historical sources. The earlier data are 

fluence-to-MADE coefficients and are taken from NBS Handbook 63 (1957), ICRP Publication 21 (1971), NCRP Report 38 

(1971), and ICRP Publication 51 (1987). Effective dose equivalent data are sparse and not included in the graph. Four sets of 

data are shown for Effective Dose: (i) the ICRP/ICRU recommendations of Publication 74 which were based on a literature-

wide review and incorporate seven independent studies and extend up to 180 MeV; (ii) Ferrari et al. have published 

conversion coefficient data for Effective Dose up to 10 TeV; (iii) Yoshizawa et al. have published data for energies to 10 

GeV and, finally, (iv) data from 20 MeV to 10 GeV of Bozkurt et al. are shown. (The latter data are of interest because they 

were made in a phantom much larger than the other anthropomorphic phantoms used, but with little difference in the values 

of the conversion coefficients). The plot clearly shows the stability in these coefficients over more than forty years.  
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A Comparison of Neutron Fluence to Dose Equivalent Coefficients for AP

Irradiation Geometry

 
Figure 15. A comparison of the preponderance of recommended values of ‘Modified absorbed dose per 

unit neutron fluence’ (Conversion Coefficients) calculated during the period 1957-2001, in various 

phantoms and in antero-posterior irradiation geometry, as a function of incident neutron energy. 

 

 

Spectrum-averaged Conversion Coefficients, <g>. If the neutron spectrum, irradiation geometry, G, and the 

conversion function gG(E) for that geometry are all known the modified absorbed dose Dm is obtained by modifying equation 

5:  

  ( )dEdEdEgD
E

E
GGm ∫=

max

min
)( φ    (8) 

and by inspection of equations (6) and (7) may be combined as  

      (9) Φ>=< GGm gD

where <gG> is the spectrum-weighted conversion coefficient defined by: 
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and the usual symbols apply. [G is the irradiation geometry AP, PA, LAT, ROT, or ISO. As explained ISO is usually the 

most appropriate geometry for accelerator radiation fields – see reference (81)]. 

 

 

7. Environmental Impact - Skyshine 

Skyshine was the first observed and the most disruptive environmental impact of the first generation proton 

synchrotrons(33,34,40,45). The lack of roof-shielding at both the Cosmotron and Bevatron resulted in unnecessarily high neutron 

fluences both close to and far away from these accelerators. 

Skyshine. Neutrons directed upwards to the sky interact with the air and some of the lower energy neutrons are scattered 

downwards to the earth, even to locations out direct line-of-sight of the radiation source. The term skyshine was borrowed 

from the name given to similar phenomenon that had earlier been observed with photons. Relatively low-energy neutrons 

resulting from nuclear interactions in the air were scattered back down to earth. This inadvertent and unintentional source of 

radiation exposure to workers and members of the general public was to be eventually eliminated by shielding and efficient 

accelerator operation. 

Theory. Early theoretical understanding of skyshine was limited. Lindenbaum applied neutron diffusion theory to the 

radiation field with limited success(34,36). A semi-quantitative explanation of the decline in fluence with distance was obtained 

out to about 100 metres from the accelerator. However, the results of diffusion theory were not of general application, being 

limited to low-energy neutrons such as those, for example, emerging from the steel magnets of large accelerators. Moyer 

showed that both diffusion theory and direct high-energy neutrons had a similar shape in their decline(40). Absolute estimates 

of the intensity of skyshine were needed. An absolute measurement of both source strength and fluence as a function of 

distance from a thick copper target bombarded by 50 MeV protons was made at the Rutherford Laboratory, showing that 

diffusion theory predicted fluences three times higher than those observed at distances of 300 metres(85). 

In the absence of any reliable theory empirical and semi-theoretical studies were undertaken to understand the 

mechanisms and reduce radiation exposures. A comprehensive bibliography describing these studies from the late 1950s up 

to 1994 may be found in references(86,87). 

Measurements. Many of the early data were obtained at Berkeley and not surprisingly revealed an inverse-square 

relationship (Fig. 16). However, in his summary of their work, Dakin and Patterson(88) shrewdly observed  ‘-------most of the 

data from the present measurements appears to follow lines having a slightly steeper slope than would result from a purely 

inverse-square dependence’. Again, Thus in the early 1960s the neutron fluence as a function of distance could be expressed 

as:  

   φ(r) ∼ e-r/λ/r2   (11) 
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Fig. 16. Early measurements of Skyshine made around the Bevatron exhibiting an inverse-square law 

relationship with distance (Dakin and Patterson 1962). 

 

Empirical Solutions. In 1981 Alsmiller et al. made an important contribution to skyshine studies by applying the 

discrete ordinates code to the solution of both the photon and neutron transport equation for skyshine conditions. Their data 

are tabulated as Importance Functions(89). These Importance Functions have been combined with experimental data to produce 

useful empirical formulae(87,90). For example Stapleton et al.(87) revised equation (11) to: 

 

   
( ) ( )









λ
−

+
=φ

c2 E
rexp

rb

a)r(   (12) 

 

where a is a constant having a value of about 2 f Sv m2 for shields containing some hydrogen (e.g. earth, concrete), with r in 

metres and has a value of about 40 metres. The value of the attenuation length in air is given as a function of the cut-off 

energy of the neutron spectrum, Ec .At higher energies the limiting value of λ is about 600m. Equation (11) enables 

reasonably good estimates of skyshine to be made for neutrons leaking from an accelerator earth or concrete roof shield. 

Moritz has applied such an equation to proton accelerators below 1 GeV with success and provided tabulated values of the 

parameters a, b and λ.(91). 

A Plea for Continued Study. It is no longer possible to make experimental studies of skyshine around most operating 

accelerators because neutron intensities have been reduced to extremely low levels by shielding and efficient accelerator 
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operation. In the United States, for example, the annual dose equivalent rates at the site boundaries of most accelerator 

laboratories are now typically several times lower than natural background. With this removal of the practical problem there 

has been little enthusiasm by funding agencies to deploy the resources necessary to carry out a comprehensive theoretical 

study despite our ability now to calculate skyshine rather precisely. Such a study would not only be of important intellectual 

and academic interest but, as a recent example in Berkeley shows, may have useful educational and social value for members 

of the general public.  

Recent Events at Berkeley. About three years ago the magnitude of dose equivalents reported for the late fifties and 

early sixties at the site boundary of the Lawrence Berkeley National Laboratory became a matter of scrutiny during an 

environmental review for the City of Berkeley. The dose equivalents reported at that time were in compliance with 

contemporary radiation limits. The historical maximum was observed in 1959 and reported to be 8.5 mSv or about 57% of 

the then current protection limit but the reported values were well understood to be overestimates. The Laboratory requested 

a study to determine the degree of this overestimation. Donahue et al.(68, 81) have reported the results of this appraisal. The 

original radiation measurements were reviewed and their conversion to dose equivalent was recalculated using the best 

available information currently available.  

As described in Section 6 the reported dose equivalent, H (or Dm), was derived from a measured total neutron fluence, Φ, 

and an estimated spectrum-weighted fluence to dose equivalent conversion coefficient, <g>, where: 

Dm = <g>Φ    (7) 

The techniques used to measure the total neutron fluence at that time at Berkeley were sufficiently accurate for the purpose 

intended and have subsequently been given international validation. 

Information available in the 1950s and 1960s for estimating the spectrum-weighted fluence to dose equivalent 

conversion coefficient, <g>, was quite crude. It depended on measurements of average neutron energy, assumptions of the 

shape of the neutron energy spectrum and rather primitive values of fluence to dose equivalent conversion coefficients. This 

reappraisal therefore focussed on the determination of <g>, which required, in turn, the evaluation of neutron spectra and the 

derivation of new fluence to dose equivalent conversion coefficients for monoenergetic neutrons, based on the most recent 

data available, and for the appropriate irradiation geometry. 

Neutron energy spectra at the location of the Olympus Gate Environmental Monitoring Station of the Lawrence Berkeley 

National Laboratory, were calculated by state of the art Monte Carlo simulation and radiation transport methods using the 

MCNPX code(69). Spectra were simulated to represent operating conditions of the Bevatron in the late 50s and early 60s, with 

the 6.2 GeV beam interacting in a thick copper target. Calculations were made with a bare target and a target with overhead 

shielding. The influence of air- and ground-scattering was taken into account. The simulated spectra were compared with the 

early estimates of the Bevatron environmental neutron spectra (e.g. see figure 17). In general the simulated spectra are 

"softer" than the paradigm of the Hess Cosmic Ray Spectrum used in the early years(92,93). 

Insight into hardening of neutron spectra with distance, first observed by Patterson et al.(57) was obtained from these 

computer simulations. Figure 18 shows the dose equivalent spectra calculated at these three distances. The error bars indicate 

the statistical uncertainty of the calculated values. These spectra are normalised so that the total area under each curve is 1.0. 

It can be seen that the spectral shapes are not identical and that the energy spectrum becomes harder with increasing distance 

as the low energy evaporation neutrons emitted by the source are preferentially attenuated in air.  

The value for <g> applied the 50s and 60s was about 360 pSv cm2, while those calculated for the simulated spectra with 

the revised conversion function were lower by factors between 5.5 to 8.4. Other factors that would reduce the dose equivalent 

by an additional factor of more than 2 were also identified (e.g. hill shadowing, time of exposure etc.). The conclusion of this 
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study is that the reported values of dose equivalent reported at Berkeley 40 years ago may be prudently reduced by a factor of 

five and in all probability reduced by an order of magnitude. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. A comparison between the differential energy spectrum per unit source neutron produced by the 

interaction of cosmic-ray protons in the Earth's atmosphere (Hess Cosmic-ray spectrum, circa 1958) and  

the simulated spectrum in air at the Olympus Gate Environmental Monitoring Station. (The spectrum 

outside the concrete shielding of the Bevatron Shielded Bevatron spectrum, circa 1965(59) is also shown). 

The spectra are presented by a lethargy plot [(d(φ)/dlogE = E.d(φ)/dE] as a function of neutron energy.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Dose Equivalent Spectra as a function of distance from the Bevatron. Three Curves are 

shown at 100 m, 300 m and 600 m from the Bevatron. The error bars indicate the statistical 

uncertainty of the calculated values. 
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Other Environmental impacts. Space does not permit any discussion of the other environmental impacts of accelerator 

operation such as airborne radioactivity, radionuclide-production in ground water etc. The early work in these important areas 

may be followed in some of early reviews, for example in references(94-97). 
 

8. Apollo 13- The Real Deal 

I call this Section the ‘real deal’ because it was the one period in my career when I felt that really I earned my salary. For 

the most part my salary always seemed like a gift. Our profession, of course, springs from the concern to protect people from 

any harmful effects from the uses of ionizing radiations. However, when the safety of one’s own friends and colleagues is at 

stake the words ‘being protected’ assume a whole new meaning and with it a sense of urgency. The occasion followed the 

events of the Apollo 13 Mission. Avid filmgoers will recognize the Hollywoodspeak used to describe this near catastrophe.  

‘NASA's worst nightmare turned into one of the space agency's most heroic moments in 1970, when the Apollo 13 crew 

was forced to hobble home in a disabled capsule after an explosion seriously damaged the moon-bound spacecraft. Tom 

Hanks, Kevin Bacon, and Bill Paxton play (respectively) astronauts Jim Lovell, Jack Swigert, and Fred Haise in director Ron 

Howard's intense, painstakingly authentic docudrama. The Apollo 13 crew and Houston-based mission controllers race 

against time and heavy odds to return the damaged spacecraft safely to Earth from a distance of 205,500 miles. Using state-

of-the-art special effects and ingenious filmmaking techniques, Howard and his stellar cast and crew build nail-biting tension 

while maintaining close fidelity to the facts. The result is a fitting tribute to the Apollo 13 mission and one of the biggest box-

office hits of 1995’. (Jeff Shannon. Amazon DVD review).  

From this near catastrophe, however, there emerged a most intriguing biophysical problem. Expressed in more sober 

language than that used in showbiz the facts are that in 1969 Edwin Aldrin and other crew members of the Apollo Lunar 

Missions 11and 12 reported the observation of ‘eye-flashes’ during flight(98). For reasons that you might well imagine, there 

was initially some reluctance to report these observations to the medical staff reponsiblee for the welfare of the astronauts. 

However, during part the ill-fated Apollo 13 mission the module lost power and all members of the crew inevitably became 

very well dark-adapted. There was no doubt in the minds of all three crew members that that these eye-flashes were not 

hallucinations but real events.  

When this became generally known many physicists attributed the observations to Čerenkov radiation. However, an 

eminent biophysicist, Cornelius Tobias of the Donner Laboratory, had previously speculated that such flashes might be 

observed and had attributed them to the interaction in the retina of the high-LET particles that are present in the cosmic 

radiation(99,100). In the summer of 1970 ‘Toby’ set out to test his hypothesis. 

At that time the most immediately accessible source of high-LET particles at Berkeley was from the neutron beam of the 

184 inch synchrocyclotron, having a broad energy-spectrum peaking around 300 MeV but extending from about 20 to 640 

MeV. There was essentially no thermal neutron contamination of the beam.  

An initial experiment was planned in which Tobias and a colleague were to expose their eyes to neutrons and the 

resultant charged interaction products. The experimental protocol is described in detail by Tobias et al.(98) . The radiological 

protection aspects were widespread and extremely interesting. The absorbed dose to the head and eye had to be estimated. 

Measures had to be set in place to ensure that the low beam intensities could be reliably obtained. (This was an unusual 

challenge because the ‘184-inch’ was an ancient warrior and at these low intensities might have been very unstable. High 

dose-rate excursions had to be avoided at all costs). The beam monitors had to carefully calibrated. Appropriate personal 

dosimeters had to be provided.  
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The first of a series of Apollo 13 Eye Flash Experiments: Cornelius Tobias (under the black 

k-adaptation) positions his head in the neutron beam of the Radlab 184” cyclotron to observe 

nduced in the laboratory (Magnet, December 1970) 

s two dark-adapted subjects placed their eyes in the neutron beam, which was elliptical in shape with 

s measuring 6.5 cm. and 5.2 cm. respectively, at a fluence rate of ~ 1.4x104 n cm-2 s-1. Tobias et al. 

uivalent rate to be ~ 1.2.millirem s-1  (12 µSv s-1) [an estimate that would probably stand up to scrutiny 

ced random intervals, the beam was switched on for a few seconds and the response of the subjects 

beam was 'on' both subjects experienced clusters of star-like flashes over their entire visual field. The 

ienced this phenomenon previously  ----it disappeared promptly, in a fraction of a second, when the 
(98). 

ded by the Health Physics Department included activation detectors to determine neutron fluence. For 

he subjects were provide with ionization chambers and neutron film. The measurement of neutron 

most accurate estimate of dose equivalent, which was estimated to be less than 10 millirem (100µSv) in 

 dosimetry I do remember that when whenever a dinner table conversation turned to serious topics, such 

n in the quantities and units used in radiological protection, Wade Patterson loved to recall an amusing 

eye-flash experiment. One senior participant, intent on obtaining his own estimate of dose and not 

ealth physicists, appeared with a quartz-fibre electroscope partially immersed in a beaker full of water. 

g in the neutron beam he was heard to ask a colleague- ‘How many rep does that correspond to?’ (For 

oint the ‘rep’ [roentgen-equivalent-physical] was a unit of radiation exposure introduced in 1948 and 

 by 1970). 
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The promising results of the 184-inch cyclotron experiment encouraged further studies. Soon the Bevatron was to be 

modified to accelerate nitrogen ions to 36 GeV(102.). Tobias was quick to take advantage of this new circumstance to confirm 

his hypothesis. Now much more elaborate and sophisticated experiments were possible. Most importantly the exact location 

of the head in relation to the ion beam could be precisely controlled and determined. This made possible irradiation of precise 

sites in the brain and eye with pencil beams. Wick has reported the reports of these later and more conclusive experiments. 

‘Three scientifically trained observers – LBL director and Nobel laureate E. M. McMillan, scientist-astronaut Philip 

Chapman, and Tobias - placed their heads in the beam of nitrogen ions and saw bright streaks when the ions penetrated the 

posterior part of their retinas.---- they concluded that the accelerated ions produce bright streaks and flashes if they interact 

with the retina and if they are near the end of their range where the ionization is greatest’(103). Thus, after the rather long 

gestation of 18 years Toby’s hypothesis was confirmed and throughout the course of these experiments it was again my 

exciting and rather pleasant duty to act as health physicist during the exposures of scientists that I respected and admired. 

 

9. Past, Present and Future. 

‘Time present and time past 
Are both perhaps present in time future, 
And time future contained in time present’(104). 

   T. S. Eliot 
  Four Quartets (1935) 

The radiation field of high-energy, high-intensity particle accelerators is mixed in character and, outside shielding, 

usually dominated by neutrons. Neutrons, therefore, have tended to dominate this lecture – the problems they cause, how they 

are measured and how exposure to them is controlled.  

A recent US government agency report indicates that over the last several years that neutrons exposures make up ∼18% 

of the total effective dose equivalent to radiation workers(105b,106). Although at the present time external exposure to neutrons 

contributes only a modest fraction of the total, the potential for both the absolute magnitude and also the relative proportion 

of high-LET, particularly neutron, exposure will grow with the increasing application of accelerators. 

Increasing application of accelerators. The increasing application of particle accelerators (or ‘quasi-accelerators’) has 

been documented in the scientific literature [see, for example, reference(6), some of which is summarised later]. Indeed, in 

these troubled times, an immediate example that readily comes to mind is that, at many airports, baggage and freight is now 

scanned by neutron-generators to detect illicit explosives.  

In addition to the continued use of accelerators in fundamental research in cosmology and particle physics and the future 

production of electrical power, accelerator application to medicine (diagnosis, therapy, radio-pharmaceutical production); 

materials science and solid-state physics (ion implantation, radiation damage studies, micro-lithography); polymerization of 

plastics, sterilization of toxic biological wastes and food preservation continues to increase. The radiological aspects of these 

applications are discussed in references(5,107). This Health Physics Society meeting in San Diego has papers that discuss the 

radiological protection aspects of fusion devices and accelerator-driven waste transmutation (108,109). 

It appears that the World is moving towards an energy crisis. If famine in much of the world is to be prevented, and the 

peoples of the Third World are to achieve a reasonable standard of living, energy needs must increase. If at the same time 

greenhouse gas emissions are to be reduced environmentally-benign sources of energy will be needed. It seems inevitable 

that the World must resort to alternatives to the oxidation of fossil fuels to supply its future energy needs. 
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The wealthy nations are not immune. California prides itself in living at the ‘cutting-edge’ but even here the alarms are 

sounding. The cutting edge begins to appear more like a precipice. Our State’s budget deficit this year, much of which caused 

by an energy crisis due to market manipulation, is considerably greater than $1000 per capita. The other Western States of the 

Union may not be far behind. If per capita power consumption in Western Europe and Japan follows trends in the US these 

economies may face a similar fate. 

Many physicists and engineers believe that some form of safe nuclear energy offers the most viable alternative. The 

choices are largely political but should the nations of the world opt for nuclear energy - whether it be ‘conventional’ nuclear 

reactors, breeder reactors or fusion devices then accelerators or quasi-accelerators will be involved.  

More than 20 years ago, at the time of a World oil crisis, Van Atta studied the economic feasibility of producing 

plutonium by a high-energy, high-intensity (100mA) proton linear accelerator. The plutonium produced could serve as fuel 

for fast breeder reactors(110). Perhaps in today’s uncertain times dependence on a plutonium economy seem less acceptable 

than it did in 1977 but nuclear fusion offers an alternative. Fusion devices themselves depend upon accelerator technology 

and may be described as ‘quasi-accelerators’. They will present their unique radiological problems that will include neutron 

exposure.  

One of the major objections to nuclear power has been the need for safe handling and disposal of nuclear wastes. There 

have been many suggestions that high-intensity proton linear accelerators could effectively be used to ‘incinerate’ this waste 

and transmute the troublesome long-lived fission products to species of shorter half-life. For example about ten years ago 

Venneri et al.(111) pointed that an accelerator similar to that proposed by Van Atta would produce neutron fluence rates about 

100 times higher than those in the cores of nuclear reactors and suggested that energy-efficient schemes could be constructed. 

Significant reduction in the inventory of radioactinides on-site could be achieved at a nuclear power station operating an 

ATW system (accelerator-driven transmutation of waste) and this session has a paper describing an experiment to test such a 

concept(109). 

The expansion of the application of accelerators will bring new and novel problems for resolution by the accelerator 

health physicist. These will include, for example, the environmentally acceptable decommissioning of obsolete accelerators; 

managing the potential for contamination by the reaction products of high-energy heavy ion accelerators - particularly alpha-

emitters, some of which will be volatile or gaseous; greater beam intensities than those experienced hitherto, with intrinsic 

problems of energy dissipation, radiation damage and, finally, one should not fail to recognize that in these new beam 

intensity and particle regimes there are certain to be challenging intellectual surprises(6). 

Most importantly, if the future use of accelerators (or quasi-accelerators) increases, strongly driven by new technologies 

and an increasing necessity for electrical energy, there will be a corresponding increase in the potential for exposure of 

workers and the general population to neutrons and other high-LET radiations. This fact, coupled with the knowledge that a 

significant number of personnel in the aviation industry are exposed to ‘accelerator-like’ radiation environments in the cabins 

of high-flying aircraft has punctuated the need for reliable radiological protection  and dosimetry recommendations for 

external exposure to high-LET radiations(112,113). The provision of such protection standards will require outstanding 

leadership from within the profession, particularly from our radiological protection advisory bodies. Until quite recently the 

development of a logical basis for recommendations for the radiological protection against external exposure to neutrons and 

other high-LET appears to have been of relatively low priority to our profession. The reasons are complex and include a 

dearth of reliable scientific data, historical and social pressures and, in part, past structural problems within the operation of 

our advisory bodies. It is imperative that higher priority be given to this effort than hitherto. To see way through to the future 

we must, as Eliot suggests, understand how we arrived in the present(104). 
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Scientific uncertainties – the dose-response relationship and the RBE for neutrons. The historical approach to risk 

estimation of exposure to high-LET radiations has been via the dual concepts of RBE and LET. We have seen (Section 3) 

that as early as 1934 at Berkeley it was judged that ‘n-rays’ appeared to be ten times as effective as X-rays per roentgen or 

about five times as effective per unit of ionisation of x-rays (photons)(20). RBEs have then been the natural starting point for 

the development of a protection system for high-LET radiations. In turn, the determination of RBEs requires an 

understanding of dose-response relationships in Man for both low- and high-LET radiations. Here, even in defining a 

generally accepted dose response relationship for the ‘standard’ low-LET radiation (photons), we are on difficult scientific 

ground. 

Many readers will recall the controversy of the late seventies between members of the Committee on the Biological 

Effects of Ionizing Radiations of the National Academy of Sciences that prepared the BEIR III report(114). There was a 

significant difference of opinion within that committee as to whether a purely linear (L) or purely quadratic (Q) dose–

response relationship was the better approximation at low doses and dose rates. ‘Eventually, after more contention, it (the 

BEIR III committee - AUTHOR) settled on a compromise. Most members of the committee endorsed a ‘linear-quadratic’ 

dose relationship that split the difference between the two approaches. They agreed that the linear model showed the upper 

limits of risk and the quadratic model the lower limits. The liner-quadratic model fell between the two extremes’(115). The 

result of the ‘BEIR III compromise’ was to limit the excursion of neutron RBEs to finite values (rather than to infinity) but 

correspondingly to predict a small but nevertheless finite risk of somatic harm even at the lowest absorbed doses. There does 

appear to have been general agreement that high-LET radiations exhibited a linear dose-response relationship. 

The late Harald Rossi was forcefully of the opinion that, for photons, the quadratic model was greatly to be preferred(116). 

If, for the sake of discussion, it is postulated that Rossi were correct, and that the linear component of the linear-quadratic (L-

Q) model is either extremely small or zero for low-LET and low-dose/dose rate irradiation, the observation of large values of 

RBE at small doses would be in no way surprising and, more importantly, high-LET exposures would become of 

overwhelming importance to radiological protection.  

Upton has recently reviewed the current scientific data on the dose-response relationship, largely for photons(117). 

Emphasis is placed on the linear component of the L-Q model, the putative quadratic component largely being ignored. In 

summarising carcinogenic effects in human populations Upton writes: ‘While the rates of cancer in populations exposed to 

low-level radiation have not been found to be elevated consistently and in some instances have even appeared to be reduced, 

such findings do not necessarily contradict the LNT (linear, no threshold - AUTHOR) hypothesis in view of the small 

magnitude of the excess to be expected under such exposure conditions. The failure to detect excesses under such conditions 

may thus conceivably result from random variation, the influence of confounding factors, or other methodological limitations 

of the studies in question.’ 

Starkly contrasting with photon exposure, a fundamental problem for neutron exposures lies in the lack of any adequate 

human epidemiological data. Until quite recently it had seemed there might be some slight hope that studies of the Hiroshima 

A-bomb survivors would provide some clue to the risks associated with neutron exposure and of the neutron RBE(118,119). 

Thermal neutron activity measurements had suggested a significant underestimation of neutron doses. These hopes have, 

however, been dashed by a recent review of the neutron dose data by Straume et al. who confirmed the DS86 calculations 

that neutrons contributed only 1%-2% of that total absorbed dose to the survivors(120). The conclusion appears to be that no 

useful information on neutron risks may be obtained from the Hiroshima study(119, 121). 

In the absence of human data ‘RBEs for radiological protection’ (variously referred to as Q, Q and wR) have been 

assessed by extrapolation from data measured in small biological systems (e.g. cells, small mammals) to Man. Such a step is 
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fraught with difficulty for many reasons, including the physics of nuclear interactions. The LET-distribution of the radiation 

field in the tissue of animals exposed to neutrons is greatly influenced by the amount of neutron moderator (largely water) 

and thus by the size of the animal. RBEs measured in small biological systems irradiated in a neutron beam may not therefore 

be directly applicable to organs deep in the human body. For example, a large proportion of the absorbed dose deposited in 

the human body irradiated by intermediate energy neutrons is deposited via photon interactions (electrons) but this proportion 

is much lower in smaller mammals such as rats or mice(122). One might therefore expect that, within some limits, ‘RBEs for 

radiological protection’ might decrease as the proportion of the dose contributed by photons increases or, alternatively, as 

animal size increases . 

Inevitably, such extrapolations lead to conflict between some who judge the recommendations of NCRP and ICRP to be 

appropriate and those that insist that much larger RBE values (100 or greater), found, for example, in some single cell in vitro 

studies, should be more applicable to standards setting. Better neutron RBE data, or alternative method of determining 

neutron exposure risk, are needed to enable a scientifically based decision that will command the respect of workers and the 

general public. 

The rapid pace of technological advances probably does not give us sufficient time to wait until our knowledge of the 

structure and function of the human genome provides us with an adequate understanding of the mechanisms of radiation-

induced cancer. Thus, to repeat the argument already made, because it is unlikely that any unequivocal evidence that would 

enable us to resolve these fundamental scientific issues will become available in the near future, and because of the 

increasing potential for exposure to high-LET radiations, it would seem prudent that the assessment of risk and definitions of 

the quantities to be used in neutron dosimetry over the next couple of decades be pursued with a deeper sense of urgency than 

in the past. 

Historical Priorities in the Radiation Protection Profession. In large measure the priorities of the radiological 

protection profession have been determined by historical events that focussed attention on the immediate and specific societal 

needs for protection against harmful effects that might result from exposure to ionizing radiations. 

For much of its early history the ICRP’s attention was directed towards protection against external exposure to photons. 

Even now, photons contribute much the greatest part of the collective occupational exposure of radiation workers, many in 

the medical profession. 

Prior to 1985 ‘external and ‘internal’ modes of exposure to sources of ionising radiation had been treated separately and 

distinctly within the confines of ICRP. Committee 2 set limits for the uptake of ‘internal emitters’ while Committee 3 

(Protection in Medicine) dealt with external exposure and was largely concerned with low energy, low-LET radiations. 

Initially the concern of ICRP for ‘internal emitters’ was driven by the radium dial painters(15). Later the protection of workers 

from products of the nuclear fuel-cycle (e.g. plutonium, fission products) became important concerns for study(15).  

In 1985 ICRP Committee 2 (Radiation Standards) was given responsibility for both internal and external exposures but 

almost immediately concerns for the consequences of the Chernobyl accident (1986) became pressing. This accident and the 

need to study the consequences of the domestic exposure to radon directed much of Committee 2’s efforts and attention 

towards internal dosimetry. However, eight years earlier, in 1977, the first steps had been taken that would eventually unify 

the treatment of both types of exposure by the definition of the Effective Dose Equivalent, HE, [(ICRP Publication 26](123,124). 

Until quite recently, therefore, the provision of a logical basis for recommendations for the radiological protection 

against external exposure to neutrons and other high-LET radiations has necessarily been of relatively low priority. It was not 

until the early nineties that the new Committee 2 addressed neutron protection issues. It did so in co-operation with the ICRU 

and reported its work in 1997 jointly as ICRP Publication 74 and ICRU report 57](76a,b). The timing was unfortunate. In 1990 
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the ICRP had issued its revised recommendations as Publication 60(125). The introduction of the concept of Effective Dose in 

Publication 60 has proved controversial in many details, of which more later. 

Neutron Protection Quantities - the slide into ambiguity. Over the past seventy years neutron radiation protection 

standards and neutron dosimetry have undergone several changes in definition of the academic (primary) quantities. These 

changes of primary, often immeasurable, quantities have then required the ‘invention’ of a corresponding array of ever-

changing operational quantities Although all these ‘dose equivalent’ quantities are modified absorbed dose quantities they 

have taken on many guises, some nominal, others significant. Given names have included Dose Equivalent, Maximum Dose 

Equivalent (MADE), Dose Equivalent Index, Ambient Dose Equivalent, Effective Dose Equivalent and, latterly, Effective 

Dose. Some are described as ‘Protection’ quantities others as ‘Operational’ quantities. Understandably this plethora of names 

and concepts leads to confusion and at least the appearance, if not the actuality, of instability. Six years ago this author wrote: 

‘Almost without realising the fact we have slowly slipped into a dichotomy in which protection standards are 

expressed in ICRP quantities that are not measurable (but may be calculated) and the operational quantities, by which 

compliance with dose limits may be demonstrated, defined by the ICRU’(126). 

A brief summary of the history of the evolution of the current dual system may be found in ICRP Publication 

74/ICRU Report 57(76a,b). 

Perhaps the origins of this instability lie with structural problems within the advisory radiological protection 

organizations. Many of the quantities have been imposed ex cathedra, rather than having arisen because of a perceived need 

at the grass roots. Thus several of the recommended quantities have not had the advantage of undergoing the vital rigors of 

practical application in the workplace or scientific peer review before publication in the literature, which may partially 

explain their ephemeral nature. 

Some are of the opinion that in an administrative system for radiological protection, as is generally the case in 

toxicology, protection limits must be clearly stated and defined in measurable quantities(66,67,105b,127,128). Others in the 

profession disagree and believe that there are indeed two types of ‘quantity’ necessary for radiological protection: one set for 

operational purposes (which consists of measurable physical), and one set that is used for assessment and as a basis for 

deriving authorized limits (67,105a,127). Effective Dose has been embodied in the legislation or regulations of some countries and 

international organizations. One cannot reasonably expect legislators and the courts to differentiate between ‘Operational 

Sieverts’ and ‘Assessment Sieverts’. The author respectfully submits that this is, at best, an unnecessary distinction and 

unnecessarily confusing. The cost of this confusion could be a loss of credibility in the radiation protection profession(66).  

There are evidently great advantages to a system in which the assessment quantities are also operational and measurable. 

Indeed it is worth wondering what harm, if any, could result from a reversion to a system in which a measurable (physical) 

quantity is defined to serve both for assessment and as a basis for deriving authorized limits. There are historical precedents 

for this in radiation protection itself and furthermore such a step would be in conformity with general practice in toxicology.  

Effective Dose Equivalent, HE,(1977-1980). In conditions of irradiation where there is rapid spatial variation (e.g. a 

radionuclide concentrated within a specific tissue), or variation of the composition of the constituents of the radiation field 

(e.g. external irradiation by neutrons) HE, was a significant improvement over the maximum dose equivalent (MADE). HE is 

defined to be the sum of weighted absorbed doses for a set of specified human organs used to model the human body. This 

weighting had two important components - one for tissue radiosensitivity, wT, and the other for radiation quality factor, Q(L), 

which, in turn, was a function of linear energy transfer (LET, L).  

It is significant that, HE, was initially developed for application only to internal exposure and not intended for application 

to external exposure. ICRP Publication 26, perhaps inadvertently, gave the seal of approval to a dual system of protection and 
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operational quantities by recommending that effective dose equivalent be the operational quantity for internal dosimetry and 

ambient does equivalent be used as the operational quantity for external exposure. In 1980 HE was also applied to external 

exposure(124).  

HE took account of the dose distribution of absorbed dose within the human body rather than, as hitherto in the case of 

external exposure, merely searching for the maximum dose equivalent within a crude representation of the human body. 

Some assessment of the magnitude of the overestimation that resulted from use of the MADE was made possible by 

comparing the conversion coefficients provided in ICRP Publication 51(75). For irradiation by neutrons in antero-posterior 

geometry and within the energy range 10 keV up to 1 MeV, the coefficients for HE are a factor of 2-3 lower than 

corresponding values for MADE. Above 1 MeV the overestimation declines until at about10 MeV the coefficients are equal. 

Paris, 1985. To some extent the advances made by the introduction of HE were negated in 1985 at the Paris meeting of 

the ICRP. On its agenda ICRP considered new radiobiological data on RBE values for fission- and degraded- fission 

neutrons. In its statement issued after the meeting ICRP recommended ‘an increase in Q (sic - Q was intended [AUTHOR]) 

by a factor of 2. The permitted approximation for neutrons thus changes from 10 to 20. These changes relate only to neutrons 

and no other changes in Q are recommended at this time’(129). (The underlining is the author’s). 
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Figure 20. Plot of neutron fluence to modified absorbed dose conversion coefficients. Points are selected 

from references(9,70-76a,b, 130). The data plotted from ICRP Publication 74 are for ambient dose equivalent 

H*(10). The lines are for data from ICRP Publication 51 (as revised by the Paris Statement [1985]) and 

from NCRP Report 112(130) [after McDonald et al.(84)] 
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The immediate practical implementation of this advice was to insert a footnote in ICRP Publication 51 stating that the 

values of Q and fluence to dose equivalent conversion coefficients for neutrons of all energies should be doubled. Later 

analysis has shown this to be an overreaction(66,84) (also see figure 20). 

Figure 15 drew attention to the remarkable robustness of neutron conversion coefficients against changes in their 

constituent parameters, definition of quantities and even phantoms. To illustrate two important points the plotted data of fig. 

20 shows a selection of data from the same data base(9,70-76a,b, 130). In figure 20 the data taken from ICRP Publication 74/ICRP 

Report 57 are for ambient dose equivalent, H*(10) and the Effective Dose data (already presented in fig. 15) are omitted to 

avoid clutter. 

The two solid lines indicate the doubling of the ICRP 51 conversion coefficients recommended in the Paris Statement, 

and data from NCRP Report 112 that complied with the Paris recommendations(129). Both these lines lie well above the 

preponderance of the coefficients data for both the MADE calculated in a slab phantom and the coefficients for Effective 

Dose calculated in an anthropomorphic phantom shown in figure 15. This latter result was probably unintended by ICRP in 

its definition of Effective Dose (for discussion see later).  

The ICRP74 data (open triangles) shows the data for ambient does equivalent H*(10), up to 200 MeV and show the poor 

performance of H*(10) as a surrogate for E, at energies above 50 MeV where significant underestimation occurs. Further data 

of Ferrari and Pelliccioni above 200 MeV show this underestimation continues to very high neutron energies(66,131). Although 

ICRU recommends that for high-energy radiations the calculation of H*(d) be made at greater depths then 10 mm in the 

ICRU sphere Ferrari and Pelliccioni concluded from their calculations for neutrons that "----the ambient dose equivalent is 

lacking in the properties desirable for an operational quantity---"(131). The reader is urged to study their excellent paper for 

further details. 

Effective Dose, 1990. In 1990 ICRP introduced the quantity Effective Dose with three goals in mind with respect to 

neutrons and other high LET radiations:  

• Simplification of the method of radiation-weighting of absorbed dose. 

• To account for the experimental observation of RBEs higher than 10 for fission and degraded-fission neutrons in a 

variety of biological systems.  

• To account for the subsequent decline in RBEs for radiations at higher LETs. 

ICRP Publication 60 was thus, in part, the formal implementation of the Paris Statement’(66).  

E is defined by an equation that superficially appears identical to that defining HE. Closer inspection reveals the two 

quantities to be quite dissimilar, particularly in the manner by which radiation-weighting is achieved. Specific changes made 

in the definition of E, compared with that of HE, which are of significance for neutron dosimetry, include: 

• The method of radiation-weighting. 

• An increase in the number of radiosensitive organs constituting the model of the human body together with 

corresponding changes in the tissue weighting factors, wT. 

• Administrative rules for determining the tissues and organs that comprise the Remainder. 
One of the intended consequences from the change in radiation-weighting was that values for the neutron conversion 

coefficients for E would be approximately double those for the MADE given in Publication ICRP 51(75,128). Figures 15 and 20 

clearly show that this was not achieved. The reasons are complex. The values of modified absorbed dose quantities, such as 

HE and E, are determined by many variables. The consequence of simultaneous changes in these variables, as was done in 

Publication 60, was unpredictable: 
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‘Values of E were calculated in an anthropomorphic phantom rather than a slab (or sphere - AUTHOR). The method of 

radiation-weighting was changed but untested. Revised stopping power data were available, which influenced the H*(10) 

data(132,133) [and indirectly the selection of the wRs (paragraph A9 , reference(125)]’(66). 

Retrospective evaluation of the definition of E has found it to be flawed in several details. For example, Zankl and 

Drexler have shown that the infelicitous definition of the remainder organs leads, among other problems, to non-additivity of 

the quantity for all radiations(134). The work of Dietze and Siebert with respect to problems with neutron radiation-weighting 

factors has already been mentioned(122). Yoshizawa et al. (77) have found incongruity of as much as a factor of 2 between the 

radiation-weighting recommendations. This author has identified ambiguity, duality, non-measurability, inconsistency, 

instability and lack of rigour among the flaws in the ICRP quantities(135). There are also uncertainties as to whether ICRP 

intended Effective Dose to be a single-valued or multi-valued quantity(136,137): consequently there are differing opinions as to 

whether Effective Dose may be used for individuals or is to be applied to identical clones of an average (defined) 

population(67, 105a,b). 

 

10. Solutions. 

The saga of radiation protection quantities is indeed a cautionary tale. In retrospect it becomes clear that, the calculations 

described in ICRP 75/ICRU should have preceded the publication of new recommendations and the knowledge gained used 

as a guide to shape the recommendations of ICRP 60. Had this been done many of the inconsistencies discussed in this paper 

might have been avoided.  

This author has suggested some improvements that might be made to resolve the issues discussed in this section for the 

specific case of external irradiation of the body by radiations of all LETs(66,105b): 

• Define a protection-cum-operational quantity in a rigorous manner so that it complies both with the laws of 

physics and mathematical logic. A properly defined quantity may be used in two modes. When its parameters are 

precisely specified it may be used as an operational quantity because it is measurable. When its parameters are not 

tightly specified it may be used in the manner proposed by Lindell - that is prospectively, for calculation, and for the 

purposes of planning and design(127). The concept of a dual system of radiation protection quantities is then 

unnecessary and may be abandoned. 

• Apply radiation-weighting to absorbed dose within the irradiated tissue or organ. Specify the biophysical 

parameter that is to provide the primary method of radiation weighting. In conformity with ICRU Report 40 and  

ICRP Publication 60 this most probably would be linear energy transfer, L, or lineal energy, y(137). Assuming it to be 

L, define the Q(L)-L relationship. Provide the data and explanations that support this relationship. Any 

simplifications of radiation–weighting in the form of Q or wR for the whole body, or a specific organ, should be 

consistent with a rigorous calculation based on this Q(L)-L relationship and/or the appropriate metabolic and 

radiation transport calculations and with an approved anthropomorphic phantom. (This merely represents a reversion 

in principle to the radiation weighting system used for many years). Publication 60 merely served to confuse the 

issue by renaming what had been termed the average or mean quality factor, Q , by the name radiation weighting 

factor, wR,  and by  simultaneously changing  its values. 

• Abandon the concept of a variable organ composition of the "Remainder" and Footnote 3 in order to avoid the 

problem of non-additivity. Overexposure of specific tissues by small radiation beams or by high radionuclide 

concentrations may be protected by other means than these administrative rules. 
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• Define protection quantities, in a consistent manner for all radiations, and at all energies, to which individuals may 

be exposed. In turn this will require the definition of the terms accuracy, precision and uncertainty intended by 

ICRP. Such a clarification would endorse the two uses of the protection quantity suggested previously. 

• Specify the limitations for which any simplifications apply (e.g. Upper photon energy for which the 

assumption/‘definition’ Q = wR = 1 applies. (Photoneutron production inevitably places a physical limit on this 

assumption). 

• Define the terms accuracy, precision and uncertainty as intended by ICRP. 

The following additional suggestions apply only to the operational use of the quantity: 

• Specify the phantom (or phantoms) that defines, for the purposes of dosimetry, reference radiation worker 

man/woman or any other intended population. 

• Define Effective Dose to be a single valued quantity 

• Specify the methods by which, the absorbed dose averaged over a tissue or organ, RTD , is to be determined. 

• Define and develop standard factors to be used in the determination of DT,R , for a variety of practical irradiation 

conditions. 

Finally, so that ICRP recommendations may be seen to be internally consistent it would be most helpful if all the 

assumptions inherent in the models used to define E could be identified and compiled in one place  

There is hope that these difficulties described here may be ameliorated. ICRP recommendations, like the Phoenix, 

periodically renew themselves. The ICRP announced in 2001 that, over the next several years it would undertake a major 

revision of its recommendations, including its dosimetric quantities(138). 

This news was welcome because it is important to retain the widespread acceptance of very similar radiation protection 

standards that has been a notable triumph for the ICRP. Publication of the new recommendations is intended in 2005. 

Very recently the chairman of ICRP has written with respect to new recommendations for the Dosimetric Quantities: 

‘There have been some persistent difficulties with, and misunderstandings of, the definitions of the Commission’s dosimetric 

quantities. The Commission will remove these by clarifying its definitions and specifying their application.’ 

The radiation protection profession has much to gain from the establishment of a rigorous, stable and integrated system 

of dosimetry that serves equally well the needs of the public, radiation protection in general and metrology in particular. 

Should these discussions help to clarify the issues even a little this author would be deeply satisfied. 
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	(6)
	The total fluence may be measured with an absolute accuracy more than sufficient for the purposes of radiation protection dosimetry and may be related to the required modified absorbed dose quantity, Dm, by a spectrum-averaged conversion coefficient, <g>
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