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FOREWORD 

(Nontechnical summary) 

A s  neutrons can contribute eubetantially to the initial radiation dose from 

nuclear weapons, the currently reported e M y  had as  ita objective the determination 

of the effectiveness of fission neutrons for performance decrement and incapacitation 

in the miniature pig. 

Miniature pigs are used extensively as research animals at AFRRI for a variety 

of reasons. For example, their intestinal and cardiovascular systems have many 

similnrities to those of man, they are easily trained to perform simple tasks, and as  

young adults they average 30 to 40 lcg in weight with a trunk thickness of about 20 cm 

80 that distribution of radiation dose through much of their body resembles that of a 

standard man exposed under the same conditions. Further, miniature pig performance 

decrement and incapacitation following pulsed mixed gamma-neutron irradiation has 

been previously studied in depth at AFRRI. 

. 

Miniature pigs, trained to cross a shuttlebox on cue, were supralethally 

irradiated in a nuclear reactor-produced neutron field; their postirradiation perform- 

ance was compared to that of pigs similarly irradiated in either a gamma ray field or 

a mixed gamma-neutron field produced with the anme reactor. T b  neutron field 

consisted of approximately 00 percent neutrons and 10 percent gamma rays; the 

gamma field was about 5 percent neutrons and 95 percent gamma rays; the mixed field 

was about 30 percent neutrons and 70 percent gamma rays. Since it had been shown 

that radiation damage to head structures was the cause of early permanent incapaci- 

tation* early transient incapacitation (Em, and early death in these pigs, dose to the 

iii 



middle of the brain was used as the reference for comparisons. The dose rate at 

tbat point was approximately 2000 rads/min for all irradiations and doses ranged 

from 1500 to over 36,000 rads. Distribution of dose acroe8 the brain and ratlo of 

midbrain to midtrunk doses dld not vary greatly among the neutron, gamma, and 

mked field irradiations. 

The miniature pig's response to the fission neutron field was quite different 

from Its response to similar doses from tbe gamma ray field. Early performance 

decrement, including ET1 and early permanent incapacitation, occurred following 

much lower dosee from the gamma field than from the neutron field. Also the 

neutron-irradiated pigs lived longer on the average than did the gamma-irradiated 

pigs at doses greater than 11,000 rads. The response of animals to a given dose 

from the mixed field was generally intermediate in severity between the responses of 

the neutron- and the gamma-Irradiated animals. 

It was clear from the results of this study that the central nervous system 

damage in the miniature pig which ie manifested by severe early performance decre- 

ment and death within 48 hours is more efficiently produced by gamma rays than by 

fisslon neutrons at high dose rates. The relative effectiveness of the fission neutron 

fleld was 0.23 using the reactor-produced gamma ray fleld as the reference radiation 

and the ED50 or 50 percentile dose for early performance decrement as  the biological 

end point. 
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ABSTRACT 

Trained miniature pigs were whole-body irradiated in a nuclear reactor- 

produced neutron field (incident neutron to gamma ratio of 10). Their postirradiation 

performance was compared to that of pigs similarly irradiated in a gamma ray field 

from the 8ame reactor (Incident neutron to gamma ratio of 0.06). The dose rate at  

tbe midline of the brain was approximately 2000 rads/min for all irradiations; 

midbrain doses ranged from 1500 to 36,500 rads. Response of the pigs to supralethal 

doses from the neutron field notably differed from their response to simllar doses 

from the pmma ray field. Early performance decrement, early translent incapaci- 

tation, and immediate permanent incapacitation occurred following much lower doses 

from the gamma ray field than from the neutron field. At  doses greater than 11,000 

rads, survival times of the neutron-irradiated pigs were on the average much longer 

than those of the gamma-irradiated pigs. Thw, the gamma rays were markedly 

more effective than the fission neutrons for producing the severe central nervoua 

system damage manifested by pronounced early performance decrement and death 

within 48 houre. The relative effectiveness of the neutron field wao 0.29 wing the 

reactor-produced gamma ray field as  the reference radiation and the 50 percentile 

midbrain dose (ED5$ for early performance decrement as the biological end point. 
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.. I. INTRODUCTION 

The response of trained miniature pigs to pulsed, supralethal doses (1000 to 

15,000 rads) from a mixed gamma-neutron radiation fkld bas been described. 

Early tramlent incapacitation (ETI), conel6tlng of aevere oonvulsions and sometimes 

coma, occurred immediately after doaes of 2400 to 12,000 rads. An interval of lese 

pronounced performance decremeni followed during which the condition of the pigs 

improved; satisfactory performance levels were generally achieved within 30 min- 

utes postirradiation. The succeeding period of satisfactory performance terminated 

in a progressive performance decrement with permanent complete incapacitation 

(PCI) occurring a few hours before death. A threshold for very early death (less than 

4 hours postirradiation) was evident at about 5000 rads. Data obtained in partial body 

shielding experiments indicate that ETI, early PCI, and very early death are the 

result of radiation damage to head structures. @ 

, I  

. 

Early transient performance decrement (ETPD), including ETI, has been ob- 

served in other mammalIan species, 3,4*  ’’ and it is suggested that the response of 

humans to massive, supralethal doses of ionizing radiation would include such alter- 

ations in ability to function effectively. 

As massive neutron exposures a re  possible under a variety of circumstances, 

the currently reported study had as  its objective the determination of the effective- 

ness of fission r n ~ t 1 - 0 ~  for performance decrement and incapacitation in the mlnia- 

ture pig. 

Miniature pigs, trained to cross a shuttlebox on cue, were supralethally 

irradiated in a nuclear reactor-produced neutron field; their postlrradiation 
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performance was compared to that of pigs similarly irradiated in either a gamma ray 

field or a mixed gamma-neutron field produced with the same nuclear reactor. 

n. MATERIALS AND METHODS 

Animals. The experimental subjects were 127 miniature pigs of the Hormel and 

Hormei-Hanford strains. At the time of irradiation they were approximately 6 months 

old, weighed an average of 33.5 +- 3* kg, and had a mean body thickness of 20.5 cm at 

the shouldere. Males. females, and barrows were used. 

Training. The pigs were trained by shock avoidance conditioning to traverse on 

cue a two-cbambered shuttlebo~.~ Each trial lasted 13 seconds and consisted of a 

6-second period during which visual and auditory cues were presented, a 4-SeCOnd 

period when the cues continued while an electrical shock was applied to the animal. 

and a rest period. A s  soon as  a teat subject crossed the box, the cues (and shock 

when it was on) were discontinued and the rest period commenced. When a pig 

crossed the box during the first 6 seconds of a trial (before the shock was initiated), 

it was credited with an avoidance. When the pig crossed while the shock was being 

applied, it was credited with an escape. A failure was scored when the pig neither 

avoided nor escaped from the shock. Before Irradiation the pigs were trained to a 

minimum performance criterion of 90 percent avoidance. 

Irradiation. The radiation source was the AFRRI-TRIM reactor. In an un- 

modified configuration, the radiation field is characterized by a neutron to gamma 

ray tissue kerma, free-in-air, of approximately 0.4. The neutron radiation fieldwas 

obtained using a gadolinium-cadmium absorber for thermal neutrons coupled with 

* StandPrd deviation - 
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7 6 inches of lead shielding to minimiee the gamma component of the field. The contri- 

bution of room-scattered gammarays to the field waa reduced by a rhield of laminated 

wood, boron and lead. The gamma ray field was obtained by wing 5 inches of water 

ehielding and the eame gadolinium-cadmium absorber. Neutron to gamma ray ratios, 

free-in-air, of 10 and 0.06 were obtained for the neutron and gamma ray fields, re- 

spectively.. The expoeure array for the neutron field ia depicted in Figure 1. 

11” WOOD LMW 

REACTOR CORE 

AND C A W M  

MIDBRAIN 

.-.-.- 

Figure 1. Exposure array for the neutron field 
- 
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Depthdose patter- across the brain region of a miniature pig cadaver were 

measured with miniature tissue-equivalent ionization chambers! The dosimetry 

aspects of tbis research project are reported separately. 10 

Table I eummariees the depth-dose patterns across the brain region as well a8 

th relationehip between midbrain and midthorax doses for the neutron, mixed, and 

gamma ray f ie ld .  Entrance dose to exit dose ratios in the brain region are  2.2, 1.7, 

and 1.5, respectively, for the three fields. 

Table I. Depth-Dose Pattern across Brain Region of Pig 

I Percent of midbrala dose I . 
Neutron Mixed Gamma I Prob location 

field field field 

Braln entrance 
Midbrain 

Bnin sxit 

Each pig was irradiated unilaterally from the left side with the reactor operated 

in the steady-state mode. The dose rate at the midline of the brain was approxi- 

mately 2000 rads/min for all radiation fields (the highest practical dose rate attain- 

able with the neutron fleld). Miniature lon chamber and sulfur pellet monitors were 

normalized to midbrain doses measured in the cadaver. Midbrain doses for the 

expertmental subjects were reported based upon the respome of these monitors. 

Midbrain doses were 1510 to 16,400 rads from the gamma field, 5900 to 36,500 

rads from the neutron field, and 1600 to 24,700 from the mixed gamma-neutron field. 

The data obtained with the first 72 pigs irradiated (36 in the neutron field and 36 in 

4 
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the gamma field) were used to estimate the relative effectiveness of fission neutrons 

for performance decrement. Performance data for the first 30 minutes postirradia- 

tion were used as the end point for comparison. A total of 90 avoidances was possi- 

ble during this period with a minimum of 81 established as satisfactory. The most 

probable dose that would cause 50 percent of the animals to perform unsatisfactorily 

(ED50 or 50 percentile) was calculated by probit analysis for both the neutron aad the 

gamma fields. Relative effectiveness = E%o from the gamma ray field + 

the neutron field. 

from 

To more precisely determine the ED5o values, 26 additional pigs were irradi- 

ated employing the "up-d-down design" or "Brucetob' method and the same bio- 

logical end point. In addition, 29 pigs were exposed to the unaltered mixed gamma- 

neutron field to corroborate the calculated relative effectiveness of fission neutrons 

for performance decrement. 

6 

* .  

The pigs were released into the shuttlebox immediately after irradiation and 

were tested at 0, 2-1/2, 5, 7-1/2, 10, 15, 20. 25, 30, and 45 minutes, at each hour 

postirradiation for approximately 4 hours, and thereafter at  2-hour intervals until 

death, except that the 26 animals used only in the "up-and-down design" were tested 

on a less frequent schedule after 30 minutes postexposure. Each postirradiation 

test period consisted of 10 trials. 

III. RESULTS 

Early postirradiation symptoms of gamma and of mixed gamma-neutron irradi- 

ated pigs were similar to those previously described for pulsed, mlxed gamma- 

neutron irradiations and included convulsions, coma, and ataxia.5 convulsions and 

coma were infrequently seen during ET1 of the neutropirradiated pigs; ataxia was - 
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consistently evident, however, and these animala appeared to be disorientated and 

confused. 

Miniature pig postirradiation performance 1s presented in Tables II-V. Figures 

2 aad 3 summarize the first SO-minute postirradiation performance data and mean 

survival time data for all dose groups, respectively. 

In Tables II-IV, a pig was scored incapacitatd when it convulsed violently, col- 

lapsed, or otberwlee failed to cross the shuttlebcx on several consecutive trials. A 

pig was scored as  suffering performance decrement when it avoided the shock less 

than 9 times out of the 10 possible in a given test period. 

The data in Tables II and IU reveal that the miniature pig’s response to supra- 

lethal doses from the fission neutron field markedly differed from t b  response to 

similar doses from the gamma ray field. In the gamma-irradiated pigs, ET1 was 

observed in all dose groups of 2500 rads or more, and 23 of 24 p i p  receiving 4500 to 

16,400 rads had ETI; ET1 did not occur in the neutron-irradiated groups at doses 

less than 9500 rads, and only at doses greater than 25,700 rads did all subjects 

suffer ETI. Immediate permanant incapacitation frequently occurred following doses 

of 10,700 to 16,400 rads from the gamma field, but was not seen at doses less than 

28,500 rada from the neutron field. Essentially none of the gamma-irradiated pigs 

performed satiefactorlly following 16,000 rads; whereas, a t  least half of the animala 

in each of the neutron-Irradiated groups performed satiefactorlly for some time 

following doses up to and including 25,700 rads. Average survival times of the 

neutron-irradiated pigs were markedly longer than those of gamma-irradiated p i p  

at  equivalent doses greater thaa 11.000 rada (Fiyre  3). 
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Table II. Performance of Neutron-Irradiated Miniature Pigs 

. 

Mldbrdn don 
(rads) 

5,900 
5. BOO 

1.700 
7,700 
1,100 

9,400 
9.500 
9.800 
9; 600 

11,200 
11,200 
11,100 
11,300 

14, BOO 
14,800 

15.200 

18,200 
18.300 
18.400 
18,500 

21.400 
21.200 
21.300 
21,500 

14.800 

24,900 
25.100 
25,800 
25,100 

29.800 
29,500 
29,600 
28,500 

38.500 
36.100 

Duraiion c 
ETI‘ 

( m W  

none 
none 

none 
none 
none 

t 

Done 
11 

0009 

none 

10 
none 
none 
3 

nom? 
6 
10 

none 

2 
8 

-10 
6 

-3 h 
-I h 
none 
none 

woe 
8 

-4 h 
none 

IPI* 
IPI 
6 

IPI 

IPI 
IPI - 

- 
Duration 

ETPD* 
W n )  

nom? 
none 

none 
none 
none 

t 
nom 
13 

nom? 
C1 

30 
none 
none 
3 

nom? 
45 
90 
4 

3 
IPPD* 
-10 

15 

IPPD 
IPPD 
none 

6 

8 
IPPD 
IPPD 
I8 

IPPD 
IPPD 
IPPD 
IPPD 

IPPD 
IPF’D - 

Avoidances duriq 
first  30 min 

postirradiation 

90 
89 

90 
88 
90 
t 

89 
41 
88 
86 

35 
89 
88 
78 

88 
59 
68 
83 

I1 
54 
68 
65 

0 
14 
85 
79 

79 
21 
14 
I1 

2 
7 
30 
18 

0 
2 

Duration of 
satisfactory 

perIormance (1 

51 
68 

80 
57 
48 
54 

32 
53 
52 
50 

21 
36 
34 
47 

35 
15 

-24 
33 

8 
0 
0.2 
0.5 

0 
0 

31 
7 

0.5 
0 
0 
2 

0 
0 
0 
0 

0 
0 

ET1 E i r ly  translent iQupacimtlon 
ETPD Early h M l e n t  performance decrement (includes ET1 prlod) 
IPI Immedhte permanent incapci ta t ion 
IPPD lmmedhte pernun&t p r f o r m a n w  decrement (includes IPI) 

9 Equipment failure remulted In loss of d a h  during f ir i t  10 mlnutea 

I 

- 
3urvlva1 

time 
(a) 

58 
14 

a5 
16 
52 
64 

35 
78 
58 
78 

40 
56 
54 
51 

39 
53 
62 
43 

31 
8 
22 
10 

33 
41 
44 
14 

I8 
12 
21 
14 

16 
IO 
12 
18 

14 
6 

- 
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Table ID. Performance of Gamma-Irradiated Miniature Pigs 

1,620 
1,510 
1,610 
1,560 

2,600 
9.500 
2.m 
2.800 

9.600' 
3,800 
3.800 
3.600 

4.500 
4,500 
4,600 
4.500 

6,600 
8.800 
6.500 
8,600 

8,800 
8,800 
8,800 
8,900 

11,000 
10.800 
10.900 
10.700 

l2.400 
12,400 
12.500 
12. so0 

16.400 
18,400 
18,900 
18.200 

nom 
nom 
nom 
nom 

nom 
1 
9 

m a  

nom 
8 
la 

nom 

2 
28 
8 
8 

8 
16 
9 
9 

8 
8 

17 
2 

so 
21 

nom 
IPI. 

8 
Irn 
11 

IPI 

I Pi 
20 

IPI 
20 

nom 
nom 
nom 
mm 

Dw 
2 
la 
4 

nom 
10 
16 

2 

6 
so 
19 
l2 

15 
26 
9 
10 

16 
16 
28 
9 

90 
95 
la 

IPPD* 

14 
lPPD 
18 
IPPD 

IPPD 
2s 
IPPD 

W 
83 
49 
(14 

90 
M 
38 
84 

I 8  
11 
47 
60 

49 
19 
68 
72 

40 
44 
19 
so 

3 
19 
11 

0 

50 
0 

36 
8 

0 
18 
1 
I4 

101 
08 

-la0 
-1-20 

119 
111 
12 

105 

94 
-140 

102 
101 

109 
90 
101 
112 

102 
6a 
w 
99 

82 
109 
38 
1 

41 
51 
50 
0 

-10 
0 

58 
0 

0 
0.2 
0 
0 

- 
hrrrrivbl 

time 
(b) 

a8 

- 
109 

-la5 
-124 

118 
118 
14 

1 14 

98 
-127 

108 
10s 

122 
1M 
108 
le1 

107 
79 
98 
98 

94 
101 
85 
4 

56 
69 
57 
10 

20 
24 
12 
4 

8 
20 
8 
10 - 
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Figure2. M ber of shock avoidances during 
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Probit analysis of the performance data from the initial 72 pigs irradiated 

(using the first 30 minutes postirradiation as a single test period and 90 percent 

avoidances as minimum performance criterion) resulted in ED50r8 of 3180 rads for 

the gamma ray field and 13,000 rads for the neutron field. From these results the 

relative effectiveness for the fission neutron field with respect to the ED50 for early 

performance decrement was estimated to be 0.24. 

Data from tbe mixed gamma-neutron irradiations (Table IV) support the 

findings from the neutron and the gamma irradiations in that the response to a given 

dose was consistently intermediate between the responses obtained with equivalent 

doses from the neutron field and from the gamma ray field (Figures 2 and 3). Probit 

analysis of the first 30-minute postirradiation performance data resulted in an ED 

of 4200 rads from the mixed field. This ED50 is in good agreement with tbe 

50 

calculated for the neutron and gamma fields, wing the neutron-gamma ratios of the 

three fields as  the basis for comparison (Figure 4). 

Table V contains data used in the "up-ad-down design" calculations. For this 

analysis, the first 30 minutes postirradiation was considered as  one test period. 

These data produced ED50's of 2500 1.53 rads for the gamma field and 11,000 

rada for the neutron field. The relative effectiveness of the neutron field at the ED50 

1.19 

points was, therefore, 0.23. The two EDSO*S were significantly different (pCO.1). 

Furthermore, with a confidence of 95 percent. the neutron field ED50 was within 

the interval of 9600 to 12,600 rads, and the gamma ray field EDSO was within 

10 



Table IV. Performance of Mixed Gamma-Neutron Irradiated Miniature Pigs 

. .  

1.600 0 a 84 114 115 
1.600 0 0 88 101 104 
1,600 0 0 90 110 111 
1,600 0 0 BO 112 111 

2,100 a 6 14 112 116 
2.100 0 0 89 88 so 
2,100 0 0 88 111 116 
2,800 6 21 S8 02 96 

a,100 0 0 88 96 106 

4,400 0 0 88 12 BO 
4,600 0 0 88 14 I S  
4,600 
4,600 

6.500 
6.400 
6,400 
6,300 

8,600 
8,600 
8.600 
8,100 

12,100 
12,800 
12,700 
12,100 

24.300 

a 
2 

2 
10 
0 
1 

0 
0 

18 
6 

40 
16 
12 
12 

I P P  

0 
3 

0 
12 
0 
2 

0.6 
1 

21 
6 

S h  
21 

IPPIP 
40 

IPPD 

6s 
16 

61 
4 1  
81 
80 

86 
7 1  
S8 
66 

a4 
26 
41 
so 

0 

- 4 0  
89 

11 
61 
12 
i n  

89 
80 
4s 
46 

-24 
60 
0 
M 

0 

-86 
68 

85 
66 
e2 
e4 

67 
68 
69 
68 

ST 
so 
66 
72 

12 
9 I :  I 1 1  

IPPD I lPPD ’ 

24# 600 
24.100 

1 dose .versus response. 1 

~ 

* Statistical analyses accomplished by S. G. Levin, matbematical etatietician, 
Mathematical Analysis Division, Physical - Sciences Department 
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Entrance to exit dose ratios in the brain were 2.2 and 1.5, respectively, for 

tbe neutron and gamma irradiations. The minimum dose in the brain (exit side) 

was approximately 63 percent of the reported midbrain value for neutron-irradiated 

pigs; for gamma irradiationa the minimum brain doae was about 78 percent of the 

reported midbrain dose. If minimum doae in the brain were a better parameter 

upon which to base relative effectiveness calculations, the relative effectivenees for 

early performance decrement would be approximately 0.28, a value not markedly 

different from the 0.23 obtained using midline brain doses. 

If one finds it more convenient to evaluate effects with regard to exposure 

conditions rather than absorbed energy, the relative effectiveness of the neutron 

field would be approximately 0.15 (tissue-air ratios at the middle of the brain were 

0.57 for the neutron irradiations and 0.82 for the gamma irradiations). 

IV. DISCUSSION 

Preliminary data* indicate the ratios of neutron kerma to gamma kerma in  the 

brain of the neutron-irradiated pigs were approximately 3.2, 2.3, and 1.9 near the 

entrance, middle, and exit, respectively. Thus the maximum gamma dose in the 

brain was generally as great or greater from the neutron field as from the gamma 

field for a given degree of performance decrement; Le., at the ED5o, maximum 

brain gamma doses are estimated to be 3000 and 3400 rads for the gamma and the 

neutron irradiations, respectively. Further, at the position occupied by the center 

of the pig's brain, the gamma kerma, free-in-air, from the mlxed field was in many 

Unpublished: Verrelli. D. M., Armed Forces Radiobiology Research Institute, 
Bethesda, Maryland 
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i itstances at least as great aa that required from the gamma field to achieve a given 

degree of performance decrement. The neutron and gamma components of dose thw 

appear in general not to be additive with regard to the early performance decrement 

response. 

The low relative effectiveness of the neutron field (as defined in this report) is 

probably due to much of the absorbed energy from neutron produced high linear 

energy transfer (LET) particles being wasted; however, the dose rate in the brain 

from the gamma component of the neutron irradiations was considerably lower than 

that of the gamma irradiations and could have contributed to the low effectiveness. 

The apparent lack of additivity for the separate Components of the mixed and of the 

neutron fields was likely due to the gamma dose rate difference. 
. 

If more energy depositions are produced in a target volume than are sufficient 

for inactivation, the extra energy depositions are "wasted" and may be thought of as  

overkill. The concentration of energy deposited by high LET particles in the targets 

responsible for performance decrement may have resulted in such wasted energy. 

The effect of dose rate on radiation response has been examined in some detail 

and was recently reviewed? However, study of the dose rate dependence of perform- 

ance decrement has been largely limited to low dose rates. The generalization that 

a radiation dose delivered over a long period of time is lees effective than the same 

dose delivered over a short period of time, and the apparent lack of additivity for 

neutron and gamma doeem in the currently reported study, lead to the suggestion that 

performance decrement varies with gamma ray dose rate even at hundreds to thou- 

sands of rads per minute. This hypothesis is presently under investigation. 

14 



Mechanisms by which gamma photons are more effective in causing miniature 

pig performance decrement have not yet been elucidated. However, it is suggasted 

that performance decrement from high doses of ionizing radiation is a consequence of 

marked alterations in the excitability and conductivity characteristics of neurons. 

Evidence obtained using excised frog sciatic nerves indicates both nerve conduction 

velocity and nerve excitability increase during and for some time after x irradiation 

at high dose rates (1400 and 2800 rads/min)! Increased excitability of IEIWOM could 

result in nerve action potentials (NAP) arising from the continual release of small 

quanta of neurotransmitters which occum spontaneously from presynaptic stores but 

is normally insufficient to elicit a postaynaptic NAP. Many of the gamma-irradiated 

pigs began to convulse or exhibited severe muscle tremors when electrically shocked 

in the test box (a procedure that caused no such extreme neurological manifestations 

in the unirradiated animals), an indication of increased excitability. 

A possible target responsible for increased nerve excitability is the active 

(carrier-mediated) transport mechanism for sodium in the nerve membrane. Inac- 

tivation of the postulated carrier molecules, carrier-sodium complex degrading 

enzymes, or the carrier activating system would lead to a higher Na+ and lower IC+ 

intracellular concentration, and therefore a lower transmembrane potential and 

more easily depolarized nerve membrane. Such effects could possibly account for 

the increased electrical activity of the central nervous system required to initiate 

and maintain the convulsions previously described' and frequently Been in the gamma 

and mixed gamma-neutron irradiated pigs of this study. They might also explain 

- 
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other neurological effects which contribute to the performance decrement mch as 

ataxia, confusion, andcoma. 

me term iirelative potencyii has been used by others to describe what is herein 

called ifrelative effectivenessii. With radiation fields consieting of indirectly ionizing 

particles having a wide speotrum of energies and/or with a large absorbing specimen 

which very significantly perturbs the field, the term %slative biological effectiveness 

(RBE)ii is not very appropriate. 

V. SUMMARY 

Clearly, the central nemua system damage manifested by severe early per- 

formance decrement and death wtthin 48 hour8 in the miniature pig is more efficiently 

produced by gamma rays than by fission neutrons at hIgh dose rates (approximately 

2000 r&/min). The relative effectiveness for the modified fission spectrum neutron 

field is 0.23 using the reactor-produced gamma ray field aa reference radiation and 

tbe ED50 for early performance decrement aa biological end point. 
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Trained miniature pigs were whole-body irradiated in a nuclear reactor-produced 
neutron field (incident neutron to gamma ratio of 10). Their postirradiation performam WPI 
compared to that of pig8 nimihrly irndiated in a gamma ray field from the name reactor 
(incident mutron to gamma ratio of 0.06). The done rate at the midline of tbe brain was 
approximately 2000 radu/mh for all irradiatione; midbrain doaes ranged from 1600 to 96.60 
rads. Re~ponse of tbe pigs to aupraletlml done8 from tbe neutron field notably differed from 
their respotwe to similar docres from the gamma ray field. Early performance decrement. 
early transient incapacitation, and immediate permanent incapacitation occurred following 
much lower doaes from the gamma ray field than from the neutron field. A t  doses greater 
than 11,000 rada, survival times of the neutron-irradiated pigs were on the average much 
longer than tholle of the gamma-irradhted  pig^. Thw. the gamma rays were markedly 
more effective than the fireion M U ~ ~ O M  for produchg the nevere central wrvou ryrtem 
damage mmifesbd by pronounced early performmoo decrement and death within 48 hours. 
The relative effectiveness of the neutron field war 0. '2s wing tbe reactor-prodwed ga- 
ray field as tbe reference radiation and the SO percentile midbrain dose (E%d for early per. 
formance decrement as the biological end point. 
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