
SLAC-PU13-447 
July 1968 
&CC) 

EMERGENCY DETERMINATION OF DOSE EQUIVALENT IN 

HIGH ENERGY ACCELERATOR ACCIDENTS* 

Theodore n4. Jenkins and Richard C. McCall 

Stanford Linear Accelerator Center. 
Stanford University, Stanford, California 

In working with high energy accelerators, the possibility exists of personnel 

being inside the shielciing when the beam is on. Elaborate precautions are taken 

to guard against this eventuality, e. g. , locks, interlocks,. audible and visual alarms, 

search procedures, etc. In spite of this, nearly every large accelerator has had 

cases when all these devices failed and serious radiation doses were avoided only 

by good fortune. It abpears’that a proper radiation protection program should in- 

elude plans to handle such an incident. These plans should include methods for 

making a rough estimate of the dose as ‘soon as possible after the accident and a 

more accurate study at a later date. 

The assessment of dose in an accelerator accident is usually clifficult. The 

irradiation is usually very non-uniform and rnay come from a variety of particles, 

i.e., photons, neutrons, etc. The more accurate determination of the individual 

dose will usuilly-have to be made by reproducing the accident conditions as accu- 

rately as possible’and makin, 0‘ exhaustive measurements of the spatial and ener,7 

distribution of the radiation. This is too time consuming to satisfy the immediate 

demands for rough dose estimate to assess the severity of the accidents, guide 

medical treatment, and allay the fears of the victims. In this article we will discuss 

the rough dose estimates. 
- 
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At SLAC all personnel working in and around the accelerator are required to 

wear the usual film baclge and also a thermoluminescent LiF dosimeter mounted 

on a wallet card. Both of these share some of the usual problems of dosimeters 

in that they measure the dose to the dosimeter rather than to the body and are 

easily separable from the person supposed to be wearing them. The film baclge 

also has limited dynamic range and requires several hours at best to obtain results. 

To overcome these difficulties, a biological dosimeter was indicated. 

Several workers’ had previously used activation of the human body in criticality 

accidents. Several recent papers discuss the activation of the body in high energy 

2-4 
accelerator exposure . These papers were concerned with proton accelerators, 

however; and it was decided to explore the possibilities with electron accelerators. 

Some preliminary measurements were made using one-quart phantoms. 

These phantoms were macle up by placing in a one-quart polyethylene bottle 

364. g Brown Sugar 

100 g Urea 

5.7 g KC1 

5.5 g Na2s203 

0.24 g FeS04 

and enough water to fill the bottle. A piece of bone was also added. This recipe for 

‘Tnstant People” approximates the chemical composition of the human body. These 

phantoms were used to determine the major radioisotopes produced and to study the 

effect of varying the primary energy of the electron beam. 

In the final experiment, an Alderson phantom* was used. This is a man-sized 

phantom containing a human skeleton and with the tissue represented by the “Instant 

People” solution above. The phantom was studied in the Hanford shadow counter5 

* 
Alderson ReSearch Labs, Inc., Long Island City, New York. 
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(Fig. 1). The authors are indebted to H. E. Palmer for the loan of the Alderson 

phantom and the shadow counter and his assistance in making the measurements. 

Activation is to be expected from both photons and high energy nuclear particles, 

mostly neutrons. In all the discussion that follows, we assume the irradiation is 

such that the radiation producing activation and the radiation producing the dose 

to the subject are in some kind of equilibrium. In some casts, e.g., a subject 

standing at 90’ to an object being hit by a collimated photon beam, the absorbed 

dose might be very high and activation minimal, since there would be few photons 

with sufficiently high energy. 

Previous measurements with a 1.5 GeV electron beam striking a target had 

indicated a photon to neutron dose equivalent ratio of between 5 and 100, except in 

the extreme forward direction where it may exceed 1000. 
6 

This implies a photon 

to neutron flux ratio of similar magnitude. It would be expected then that photon 

induced reactions would dominate. Since the body is mostly oxygen and carbon 

(65 sand 18% by weight respectively), it was expected that reactions of these ele- 

ments would be most likely. Some reactions with carbon and oxygen are listed in 

Table 1. 
7 

All daughter products are positron emitters with no gamma-rays with 

the exception of 7Be which emits a 0.477 MeV gamma-ray following electron capture. 

Identification of the isotopes therefore must be made on the basis of half-life 

measurements using the 0.511 MeV annihilation gamma-rays. Since there will be 

some neutron thermalization in the body, it was also expected to see some 15-hour 

24 
Na activity. 

For convenience the irradiations were performed at the Stanford Mark III elec- 

tron accelerator. The radiation source chosen was a collimator about 15 feet up- 

stream of the irradiation point (Fig. 2 ). The phantoms were irradiated at approxi- 

mately 10’ off the beam axis. The “Instant People” phantoms were irradiated at 
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beam height and the Alderson phantom stood with the beam at about hip height. 

The “Instant People” phantoms were irradiated at primary electron energies 

ranging from 300 MeV to 1 GeV. No significant differences were seen in the 

activation products at these energies. Typical gamma-ray spectra at varying 

times after irradiation are shown in Figs. 3 and 4. A decay curve is shown in 

Fig. 5. It can be seen that for a least several hours after the irradiation, the 

decay curve shows a 20.4 minute half-life indicative of virtually all “C. Some 

survey instrument measurements immediately after the exposure showed an 

approximately a-minute half-life indicating 
15 0. No evidence of 

13 
N could be 

found. This would indicate that the cross section for 160 (Y, .p 2n ) 13N 

reaction shown in Table 1 is wrong. Bishop, et al. 
8 investigated the photon 

activation of oxygen up to 150 MeV and state that the production of 
13 N is small 

relative to 11 C. The correction of indicated activity for decay becomes quite 

simple then, since only a single half-life is observed after the first few minutes. 

It does become quite important to know the time of exposure, however, since the 

20.4-minute half-life is rather short. 

Based on,the experiment above, an exposure was made on the Alderson phantom. 

For the man-sized phantom the irradiation is very non-uniform as would probably 

be the case for a real exposure of a person. The phantom covered the range from 

about 8 to 11 degrees with the beam axis in the horizontal plane and considerably 

greater than that in-the vertical plane. In addition the hole in the 12” concrete 

wall was not quite. large enough and provided some shielding of the extremities. 

The exposure was made at 995 MeV primary electron energy. An ion chamber 

placed near the left hip acted as a monitor and the exposure was continued until 

the chamber indicated an exposure of about 1000 R. The beam was on for 2 min- 

utes at 60 pps and 8 X10 
10 electron/pulse. It was estimated that about half of the 

beam was lost in the collimator. Dose distributions were made on and in the phantom 
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with 29 7 LiF (Harshaw TLD 700) thermoluminescent dosimeters (TLD) for photons 

and the dosimeters read on a ConRad reader. Rough neutron spectra were measured 

using activation of bare and moderated In foils, Al discs and carbon scintillators. 

These detectors determine the neutron flux in the ranges, thermal, 20 keV-6 MeV, 

greater than 3 MeV and greater than 20 MeV, respectively. These detectors and 

their use have been described in detail in other reports. 9-11 Neutron spectra using 

these 4 detectors, were taken at three points, shown in Fig. 2 as A, B, and C. Al 

discs were taped at other positions on the phantom. Assuming the spectra at the 

three points measured (A, B, and C ) do not change too much, then the Al discs may 

be used to assign neutron dose to the phantom without the need for the other three 

neutron detectors. It is expected that some of these activation detectors will be 

disturbed by competing photon induced reactions resulting in the same daughter 

activity. This should be more true for the 11 C detectors than for the Al discs, 

based on other measurements by the authors. All of the doses calculated by these 

detectors should be considered as upper limits for the neutron component. * 

The results of the TLD measurements are shown in Fig. 6. It can be seen 

that the dose varied by a factor of 7.6 over the body. The results of the neutron 

spectral measurements made at points A, B, and C, are shown in Table 2. The 

spectra are not too constant since the two high energy components are depressed 

considerably at the position behind the hip and above the head. The doses, however, 

amount to only a few percent of the photon doses so this is probably not too impor- 

. 

tant. The Al discs are still of some value and the results are shown in Fig. 7. 

Again, the doses (and fluxes) are much less than those of the photons. 

As was the case with the “Instant People” phantoms, an approximate 2-minute 

half-life was observed immediately after irradiation and a 20.4-minute half-life 

for several hours thereafter. Decay data shotv’n by the 0.511 MeV gamma-ray 

measurements are shown in Fig. 8. Gamma-ray spectra at various times after 
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irradiation are shown in Fig. 9. The 1.37 MeV and 2.76 MeV gamma-rays of 24Na 

show clearly in the later spectra. The phantom was measured at intervals in the 

shadow counter and also with a 3” X 3” NaI scintillator placed in the lap of the 

phantom with the phantom in a sitting position. This is a geometry which is rea- 

sonably independent of the location of the activity within the body and one that could 

be used at any laboratory as an emergency technique. 

The interpretation of the dose to the phantom is difficult because of the non- 

uniform radiation field. From the cross sections given in Table 1 and the abun- 

dance of carbon and oxygen in the Standard Man 12 , one can estimate that roughly 

l/4 of the 
11 

C activity came from the oxygen in the body and 3/4 from the carbon. 

Both of these elements are distributed fairly uniformly through th.e body. It should 

be noted that in a human, the activity would be distributed somewhat more’uniformly 

than in our phantom because of blood circulation. It would appear that the only 

reasonable method of attack would be to evaluate the dose on a gram-rad basis, i. e. , 

the integral absorbed dose. In order to estimate this, we separated the body into 

eleven segments (head, upper and lower trunk, upper and lower arms and upper and 

lower legs ). The average exposure dose to each portion was estimated from Fig. 6 

and multiplied by the weight of that segment. All of these values were added to obtain 

the integral absorbed dose. The result of this exercise was 1.4 X lo7 gram-rads. 

The neutron dose was neglected in the calculation. The result of the measurements 

in the shadow counter indicated an activity of 860 PCi of 
I.1 

C at the end of the irradi- 

ation. 

Corrected to the time of the irradiation a 3”X 3” NaI crystal placed in the lap 

gave 7.8 X lo5 counts per minute in the 0.511 MeV peak. Background was 300 counts/ 

minute. For detection of an exposure, one can construct the plots shown in Fig. 10. 

For convenience the curves are labeled in terms of a total body dose in a standard 

man, e.g., 1.4 X lo7 gram-rad . - 70,000 grams = 200 rads whole body dose. It can 
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be seen that even small doses can be detected for some time after the exposure. 

For esample, a 1 rad dose will double background for more than an hour after the 

exposure. Use of a whole: body counter would, of course, allow detection of even 

smaller doses or alternatively, after longer decay times, since it is easy to detect 

quantitites as small as 0.01 PCi. One can use then a figure of 1.4 X’107 gram-rad f 

86O,uCi= 1.6X104 gram-rad per PCi of 11 C produced. This is, of course, strictly 

valid only for a two-minute exposure at a uniform rate. In any real incident it would 

be necessary to consider the circumstances in the light of the usual radioactive buildup 

and decay laws. The greatest error possible is the spread between the cases where 

all the radiation comes in a burst at the beginning and end of the exposure period. 

In our two-minute exposure, this spread is only 5%; in a ten-minute exposure it 

would be 29%. The assumption of uniform exposure rate will give an intermediate 

value within these limits. The error will probably be small since prolonged exposures 

are unlikely in an accelerator due to the sophisticated warning devices used. 

It appears that this is a practical method of estimating the integral absorbed 

dose. It is very difficult to determine the accuracy of the method. If a whole body 

counter is used to determine the 
11 C content of the subject, the dominant error is 

probably our determination of the phantom’s integral absorbed dose. This is true 

in spite of the fact that we used a total of 48 detectors to measure the dose to the 

phantom, and illustrates the difficulty to be expected in a real accident where the 

subject would have, at most, two dosimeters and be .moving around. It would appear, 

however, that the .re,&lts should be valid within about f25 %. If the 3” X3” NaI 

crystal in the lap position were used, the error could be much larger due to local- 

ized distribution of the 
11 C activity. Wilson 

13 
has used a similar geometry for 

quick analysis in criticality accidents. From his results it would appear that a dose 

localized to a point would at worst cause an error of a factor of two; this would 
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exclude the case where all the activity is in the feet. In general, the accuracy 

should be much better than that since a part of the activity will always circulate 

through the body. A survey of the body with the crystal should show whether the 

activity is concentrated at a point or not. Usually people attempt to determine the 

absorbed dose rather than the integral absorbed close. However, absorbed close is 

not a very useful concept in cases where the dose is extremely non-uniform. In our 

particular case, we were 15 feet from the source and the dose varied over at least 

the range 63 to 480 rads--about & factor of eight. In such a case it would probably 

not be too unreasonable to divide his gram-rad dose by his weight and assign an 

absorbed dose value, i. e., 1.4 >i 10 7 
gram-rad G 70,000 gram = 200 rads as above. 

In cases where the non-uniformity is much greater as can easily happen in an accel- 

erator accident, such a procedure would be meaningless. 

It should be noted that the additional dose to the body from the decay of the 

11 C and from ejected neutrons and protons in the formation of the 11 C can be calcu- 

lated and are found to be negligible compared to that due to the directly produced 

ionizing particles as measured here. 

After waiting for a sufficient time, it was possible to determine the 
24 

Na content 

of the body as 180 FCi corrected to time of exposure. Parker and Newton 
1 

report 

values indicating that a dose of 0.5 rads of fission spectrum neutrons would produce 

this quantity of 24 Na. We would expect a similar number in our case, since the 

major part of the neutron dose was produced by giant resonance neutrons with 

energies similar to a fission spectrum. From our spectral measurements, we 

find that the total neutron dose was of the order of 6-7 times the dose indicated by 

the Al discs. The neutron dose then to the phantom was of the order of 3-4 rems. 

Use of a Quality Factor in the range 6 to 8 would be quite reasonable and would 

give results in reasonable agreement with the number above. It would appear that 
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‘measurement of 
24 

Na can also be a useful tool, but it woulcl usually require a whole 

body counter. 

It is obviously important to know as accurately as possible both the time of the 

irradiation and its duration. Operators of accelerators should have emergency 

instructions to follow in the event they discover someone has been in the accelerator 

housing during a beam run. These instructions should include immediate entry in 

the log book of as many details of the incident as possible, both to provide the above 

information and to facilitate the investigation and reconstruction of the accident 

which may be necessary. 
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TABLE 1 

Daughter 

150 

13N 

% 

7Be 

11 
C 

7Be 

Half-life 

2.1 min. 

10 min. 

20.5 min. 

53 days 

20.5 min. 

53 days 

Cross Section 
&cui (MeV-mb) 

T 
150 
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- 13. 

- 0.6 
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2.2 



0,
 

. -3
 

X z 
Ln

 

ul
 

. cn
 

x 0’
 ul

 

P . co
 

X z 
W

 

tw
 

‘A
 

X =t
 w

 

ul
 

. x”
 

=:
 ul

 

ul
 

. ; z 
W

 

;: 



I 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

FIGURE CAPTIONS 

Shadow Shield Whole Body Counter. Detector is an 8” diameter NaI (TI) crystal. 

Bunker Area of MK III Accelerator Where Phantom was Irradiated. Narrow room 

and close proximity to concrete walls are similar to most SLAC accelerator areas. 

Spectrum from Small Sample (Instant People) irradiated for 2 minutes at 800 MeV 

with about 1 X 1012 e-/set striking collimator. Curve A taken about 20 minutes 

after irradiation when 2-minute 
15 0 has decayed away. Curve B 22 minutes after 

Curve A. Curve C 42 minutes after Curve A. The integral counts under the 

0.511 MeV peak show an unequivocal 20.4-minute slope corresponding to % . 

Spectrum from Instant People Sample (Fig. 3.) taken I5 l/2 hours after irradi- 

ation, showing only 1.37 MeV peak of 24Na . 

Decay of 0.511 MeV Annihilation Peak in Small Samples showing slope of 20.4- 

minute ‘lC. 

Photon Dose Distribution in the Phantom as Measured with Small TLD Capsules. 

All measurements are in RADS. 

Neutron Fluxes, and Dose Equivalent in Rems, as Measured on the Phantom with 

4” diameter by 1” thick aluminum discs. 

Decay of 0.511 MeV Activity in Phantom as Measured by 3”X 3” NaI (TI) Crystal 

in Lap Position. 

Shadow Shield Counts of Phantom at Different Times After Irradiation showing 

both “C annihilation peak and 
24 Na peaks. Curve A--127 minutes after irradi- 

ation. Curve B--12.5 hours after irradiation. Curve C--26 hours after irradi- 

ation. 

10. Count Rate from a 3”X 3” NaI (TI) Crystal in the Lap Position at various times 

after irradiation for different exposures. Exposures are for a whole body dose. 
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