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Abstract 

A brief but general discussion of the material requirements for 

shielding against space radiations is presented. Emphasis is placed on 

describing the salient features of the space radiation attenuation prob­

lem in order to deduce the materials that will most likely produce minimum­

weight shields. The shielding characteristics of the materials are de­

scribed as a function of atomic weights and no specific materials are 

referred to. In general it is found that the light atomic weight 

elements give the minimum-weight shields. 
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Ohio Section), Cincinnati, Ohio, April 17-19, 1963. 
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The purpose of this report is to present a quite brief but general 

discussion of the material requirements for shielding against space radi­

ations. Although a brief review of the sources. of radiation is presented 

first, the major emphasis is placed on describing the salient features of 

the radiation penetration problem with the intent of deducing the materials 
! 

that will most likely yield minimum-weight shields. This is done in the 

broadest sense by indicating trends in terms of atomic weights of the 

materials and no specific materials are. referred to. 

No attempt has been made to estimate shield weights required for 

various missions because this requires discussions of topics beyond the 

intended scope of the present paper. To include such estimates would 

require discussion of the possible mission trajectory and a discussion 

bf the maximum permissible dose .from the penetrating radiation that could 

be allowed. These subjects would, obviously lead us too far afield. 

Sources of Radiation 

Turning to the sources of radiation, it should be noted that the 

space radiations that are likely to constitute a radiation hazard are all 

charged particles. This is true, in general because only charged particles 

can be trapped in a planet's magnetic fields and build up to high intensi­

ties or can be accelerated to high energies in the varying magnetic fields 

in space. Photon intensities in space (:3,ppear. to be very small and bf 

concern. Neutral particle intensities als.oappear to be very small 

since these particles are not accelerated by electric.or magnetic forces 

and generally decay into charged particles within a short distance of. 

their creation because of their relatively short half lives. 

Van Allen'has recently summarized the locations and intensities of 

the geomagnetically trapped radiation found in' the two natural radiation 
1 . 

belts. Figures 1 through 3 are reproductions of his data. Figure 1 shows 

the location of the inner radiation belt, which is centered about 1400 

1. J. A. Van Allen, "Brief Note on the Radiation Belts of the Earth, " 
Paper A-I, Proceedings of~ Sym~osium on the Protection. Against 
Radiation Hazards in Space, TID-7 52 (1963). . 
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miles above the earth's surface on the geomagnetic equator. This belt is 

very stable and consists mainly of high-energy protons ranging in energy 

to approximately 700 MeV. The outer radiation belt consists of electrons 

with energies up to 5 or 6 MeV and of low-energy protons. Figure 2 indi­

cates the omnidirectional flux of the electrons above 40 kev, and Fig. 3 

shows the omnidirectional flux of electrons greater than 1.6 MeV. It 

should be noted that the highest intensity of high-energy electrons is 

centered between 3 and 4 radii from the center of the earth. The intensi­

ties shown in Fig. 3 are typical of those that might be encountered during 

periods of inactivity on the sun. 

Figure 4 presents the integral and diff.erential spectrum of the 

electrons in the heart of the outer radiation belt. The data points are 

those of O'Brein et al.
2 

It will be noticed that the differential spec­

trum falls off steeply with energy anq. becomes negligible at 5 or 6 MeV. 

The location of· the low-energy protons in the outer belt is ap­

proximately' represented by that shown for the electrons in Fig. 2. 

Although these protons have flux values as high as 108 particles/c:rrf2-sec, 

their maximum energy is only 5 MeV; therefore they can be ,neglected as a 

radiation hazard because they can be stopped by a shielding material a few 

tenths of a g/cm2 thick. 

Deviating slightly from the discussion of natural radiation belts, 

it is appropriate to call attention to the ,artificial belt created by the 

July 9, 1962, high-altitude nuclear detonation. A high flux of electrons 

from the beta decay of fission products from the blast was trapped in the 

geomagnetic field at altitudes above approximately 200 miles. The flux of 

electrons reached values as high as 109 particles/cm2 -sec immediately after 

the blast, and is still persisting at high flux values at this time. The 

energy of these particles has ranged up to 7 or 8 MeV. 

The spectrum of electrons that is expected to be present in the 

artificial radiation belt is shown in Fig. 5. The curve was taken from 
3 

the beta-decay spectrum from fission fragments reported by Carter et ale 

2. B. J. O'Brein et al., J. Geophys. Res. §1, 397 (1962). 
3. C. E. Carter, F. Reines, J. J. Wagner, and M. E. Wyman, Phys. Rev. 

113, 280 (1959). 
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and was normalized to a total of 109 partic'les/ctJ2-sec to represent the 

intensity of radiation that was present immediately after the nuclear 

blast. This spectrum is significantly different from that existing in 

the outer Van Allen radiation belt in that it is much flatter below 1 MeV. 

Above that energy, however, it drops off steeply, becoming negligible at 

6 or 7 MeV. 

Turning briefly to cosmic rays, it is appropriate to note that the 

sun is a source of high-energy protons. Frequently, active regions are 

created on the sun which emit high flUxes of protons ranging in energy 

up to 10 Bev. In most cases, however, the intensity is sufficiently low 

at 1 Bev for us to say that this is effectively the. upper energy bound for 

solar protons. Figure 6 shows some typical integral spectra of solar pro­

tons. 4 The spectrum of the protons in the inner radiation belt and the 

primary protons of galactic origin that arrive from· space are also shown 

in Fig. 6 for comparison purposes. The galactic protons will range in 

energy into the hundreds of Bev. However, the intensity is sufficiently 

low that this source of radiation is not likely to constitute a radiation 

hazard. 

To summarize the information on the sources of radiation, ther.e are 

high-energy protons ranging up to 700 MeV in the inner Van Allen belt 

centered at 1400 miles above the earth's surface, and high-energy protons 

coming from solar-active regions. The energy of the solar protons can at 

times be as high as 1 Bev and, infrequently, as high as 10 Bev. Galactic 

cosmic rays have energies ranging up into the hundreds of Bev, but with 

sufficiently low intensity to be of little concern. Electrons occur 

naturally in the outer Van Allen belt with energies up to 5 or 6 MeV and 

also persist in the artificial belt with energies up to 6 or 7 MeV. 

Shielding Against Space Radiations 

In the matter of shielding against the radiations described above, 

the electron attenuation problem will be considered first. For electrons 

with energies below 10 MeV the major mechanism of energy degradation is 

4. Trutz Foelsche, Current Estimates of Radiation Doses in Space, 
NASA TN D-1267 (July 1962). - . -
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collisions with atomic electrons. These collisions are so frequent that 

the process can be treated as a continuous one, and the average energy 

loss per unit path length traveled, called the "stopping power," can be 

calculated. The stopping power of seve;ral materials for electrons is 

presented in Fig. 7 in units of MeV/g-cm-2 , which yields a comparison of 

the effectiveness of materials on a weight basis, the material of the 

higher curve giving the greatest energy removal for the least weight. 

Thus we see that the light-atomic-weight elements appear to be the best 

materials for stopping electrons. This fact is demonstrated in another 

way in Fig. 8, which shows the maximum range in g/cm2 that electrons will 

travel in a given material. 

A very rough approximation to the range-energy curves is that the 

residual range in g/cm2 is equal to the incid~nt energy expressed in MeV. 

Thus a 10-MeV electron will be stopped by approximately 10 g/CrnFof 

material and a l-'MeV electron will be stopped by approximately 1 g/crnF 

of material. It is therefore clear that it will take approximately 5 to 

7 g/cm2 of material to stop all the electrons that might be encountered 

in the artificial belt and the outer Van Allen radiation belt~ 

The electron shielding problem would be relatively simple if colli­

sions with atomic electrons were the only interactions that could take 

place as electrons pass through the mater~al. However, occasionally the 

electron will ma¥e a radiative collision in the process of diffusing 

through the material and rise to bremsstrahlung radiation. The 

spectra of the;breinsstrahlung' 'eini tted for, electrons slowing 'down in. the 

charring ablator of a capsule are shown in Fig. 9. 5 Of special signi­

ficance is the steepness of the spectra, which indicates an abundance of 

low-energy photons produced in radiative collisions. Although the yield 

of, bremsstrahlung is relatively small for electrons slowing down in the 

ablator material, when it is multiplied by the high flux of electrons a 

significant number of photons results. For example, if a 3-g/cm2-thick 

shield with an outer layer of ablator is exposed to the elect~ons in the 

5· Neutron Ph\6' Div. spac6 Radiation Shielding Res. Ann. Prog. Rep. 
Aug. ~ 19 2, ORNL-CF- 2-10-29 (Rev.) (1962), Paper 1-11, Fig. 2. 
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heart of the artificial belt shortly after detonation, the dose behind the 

shield would be approximately 2 rads/hr from bremsstrahlung. This dose 

would be in addition to the dose from the penetrating electrons. 

To minimize the production of bremsstrahlung, one would select a 

material with a low atomic charge since the cross section for bremsstrah­

lung is approximately proportional to the atomic charge squared. This 

means that a low-atomic-weight material not only produces a minimum-weight 

shield for stopping the electrons but also minimizes the production of 

secondary bremsstrahlung radiation. If a shield thicker than the range of 

the incident electrons is required in order to attenuate secondary brems­

strahlung, it would be best to use a thin inner layer of high-atomic-weight 

materials, since the photoelectric cross section which is so effective 

for stopping low-energy photons is proportional to the atomic charge to 

the fifth power. 

In considering the problem of shielding against protons, we find 

that the major mechanism for stopping protons is also collisions with 

atomic electrons, and, as shown in Fig. 10, the light-atomic-weight materi­

als again furnish the lightest weight shields. It should be noted in 

Fig. 10 that the low-energy protons are pref~rentially stopped by ioniza­

tion collisions, which has a significant effect on the shape of a proton 

spectrum that is attenuated by a material, as is discuss~d below. 

In Fig. 11 the residual range of the protons is presented as a func­

tion of the proton energy. From this figure it should be obvious that the 

more energetic particles that might be encountered in space will always 

penetrate the shielding material of a typical vehicle. As an example, 

consider the range of a I-Bev proton in hydrogen, which is the most 

economical shielding material. In this case the shield thickness must be 

approximately 170 g/cm2 to stop the proton. However, a shield of this 

thickness is not likely to be carried on a typical space vehicle and 

therefore some protons wil~ usuallY.penetrate to the inside of the 

vehicle. 

Figure 12 shows how a typical flare spectrum is attenuated by an 
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aluminum shield. 6 As the depth in the shield increases, the low-energy 

protons are preferentially removed by collisions with atomic electrons, 

and the curve tends to turn over and have a maximum. This also leads to 

a general hardening of the spectrum. By "ht;l.-rdening" is meant that the 

ratio of high-energy particles to low-energy particles tends to increase. 

Take, for example, the ratio of 600-MeV protons to 100-MeV protons. At 

zero depth the ratio is approximately 10-3 , but at a depth of ·r = 1.5, 

the ratio is 0.25. 

As in the case of the attenuation of electrons, if collisiops with 

the bound atomic electrons were the only interactions to be considered, 

the attenuation of the protons would be relatively simple. However, just 

as in the case of electrons, secondary radiation can be created, in this 

case by nopelastic interactions of the protons with the atomic nuclei. A 

schematic sketch of the interactions that are possible is shown in 13. 

The incident proton approaching from the left, ionizing atoms as it goes, 

can have 13. nuclear interaction and produce pions and other particles, as 

indicated in the upper part of the figure. For incident energies below 

1 Bev, however, the particles ejected from the nucleus will be predominant­

ly nucleons. These particles. can, in turn, interact with other nuclei of 

the shielding material, as indicated in the lower part of Fig. 13. 

A nucleus that has experienced· a nonelastic event will usually be 

left in an excited state and boil off other nucleons, as well as give 

off gamma rays in the process of de-exei tation,. The boiled-off particles, 

especially the neutrons, then can have nonelastic scattering events or 

can be captured by other nuclei. The cross sections for high-energy non­

elastic events for various elements in the periodic table7 ,s are shown 

in Fig. 14 (see also Table A-l in Appe~dix A). They are essentially 

geometric but vary slightly with energy. The nonelastic cross section 

6. 

7· 

8. 

R. G. Alsmiller, Jr. and J. E. Murphy, Space Vehicle Shielding Studies: 
Calculations of the Attenuation of a Model Solar Flare and Monoener­
getic Proton neams-Ez Aluminum Shields,ORNL-3317 (1962~Fig. 4. 
H. W. Bertini and L. Dresner, Neutron Ph~S. Div.spa6e Radiation Shield­
ing Research Ann. Prog. Rep. Aug. 2.b ~ ORNL-CF- 2-10-29 (Rev.) 
(1962), Paper I-2, P:-58. -
Tables of data taken from the calculations of H. W. Bertini and L. 
Dresner referred to in Ref.' 7 are included in the Appendix. 
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for light elements such as carbon is approximately 250 to 500 mb, whereas 

the cross section for the heavy elements such as uranium is approximately 

2 barns. 

The average number of cascade and evaporation neutrons emitted as 

a result of a nonelastic event between a proton and a nucleus is given 

in Fig. l5.as a function of the atomic mass number. 7 ,8 For 400-MeV 

incident protons the average number of neutrons increases linearly from 

approximately 1 for carbon to approximately 12 for a material such as 

uranium. The average number of cascade protons as a function of the 

atomic mass number8 is shown in Fig. 16. Here, the average number for 

400-:-MeV incident protons is approximately 1. 5 over the whole periodic 

table. This information is given in tabular form in Appendix A, which 

also includes tables giving the average energy of the cascade and 

evaporation particles. 

The significance of th~se nonelastic interactions in comparison 

with the collisions with the bound atomic electrons is indicated in 

Fig. 17. The dashed curves represent the energy deposited by ionization 

collisions and are the stopping-power curves of Fig. 10. The curves 

showing the energy removed· by nonelastic interactions were obtained by 

multiplying the nonelastic cross section by the incident energy of the 

proton, since this correctly gives the energy removed from the primary 

beam •. It will be noticed that the ,energy-removed cUrves cross the energy­

deposited (dashed) curves at approximately 300 MeV for each material. 

This suggests that the light-atomic-weight materials are the materi-

als which yield the lightest-weight shields. 

The curves in Fig. 17 labeled "energy deposited by nonelastic inter­

actions" were obtained by subtracting the energy which is given to cascade 

and evaporation neutrons and cascade protons from the energy removed from 

the incident beam, since these particles can migrate some distance away 

from the point of nonelastic interaction. Assuming that the energy of 

all the remaining particles created in the nonelastic event is suffi­

Ciently low to be deposited locally, then the four solid lines in Fig. 17 

should fairly accurately depict the energy deposited by nonelastic 

interactions •. As will be observed, these curves tend to cross each other 
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at energies above 100 MeV, indicating that the heavy-atomic-weight 

materials might yield the lightest-weight shields for high-energy parti­

cles. For energies up to 400 MeV, however, the energy deposited by 

ionization collisions dominates the attenuation problem, and the lightest­

atomic-weight materials still remain the best materials for shielding 

against protons. 

The relative importance of secondary radiation produced by proton 

interactions to the overall penetration problem is indicated in Fig. 18 

for the case of an aluminum shield. s In this case it is assumed that a 

400-MeV proton beam is incident on the shield. Not all components of the 

secondary radiation are included in ~he figure,but in all cases shown 

the contribution to the penetrating dose rate is lower, by a factor of 

approximately 10, than the dose rate created by the penetrating primary 

particles for depths shorter .than the range of the primary particle. For 

depths in the shield greater than the range of the primary'particle, the 

secondary particles dominate the penetration problem • 

For thin shields 'such as those that might be used on space vehicles 

in exploration of space close to earth, secopdary particles can be ex­

pected to contribute only a small percentage of the penetrating radiation. 

But this must not be construed to mean that the secondary radiations can 

be neglected in all cases, because there are actually two distinct prob­

lems: one resulting from the secondary radiations created in the struc­

tural and shielding materials of the vehicle, and the other resulting 

from the secondary radiation produced in the astronaut. 

The effect of secondary particles on the energy deposition as a 

function of depth in tissue.is shown in Fig. 19. 10 Although the recoil 

nuclei and evaporation charged particles 'contribute only a rather small 

percentage to the energy deposition, it is exactly these particles that 

usually cause the greatest biological damage. Therefore the energy 

deposition by these particles is us.ualJ,y multiplied by a factor of 10 

9· 

10. 

Neutron PhY6. Div. Spac6.Radiation Shielding Research Ann. Prog. Rep. 
Aug. ~ .~ ORNL-CF- 2-10-29 (I~ev.) ( 1962), Paper I~ Fig. 4. 
Op. cit. Fig. 1, p. 119. 
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to 20 to account for their enhanced biologically damaging effect. In 

such cases, the dose rate from these recoil nuClei and evaporation 

charged particles would be comparable to that from the primary protons. 

Consequently, if the shield is thin, the secondary particles created 

therein may not play a significant part in the penetration problem, but 

those produced in th~ body may contribute a large biological dose to the 

astronaut. 

In summary it can be stated that light atomic weight materials will 

generally provide the lightest weight.shields for the type of radiations 

encountered in space. This'is generally true provided secondary electro­

magnetic radiation does not dominate the attenuation'problem, in which 

case a combination of light atomic weight material followed by a heavy 

atomic weight material may provide the lightest weight shields. 

.. 
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Appendix P;. 

The following· tables were prepared from the data calculateq by 

H. W. Bertini and L. Dresner7 and are included here because of their. 

general usefulness •.. 

Page No. 

Table A.l. Total Nonelastic Cross Sections for Protons 

Incident on Various Targets at Energies of 

25.to 400 MeV •••• e .••••••••.•• ' •••• -." •.•••••••• :. • • • • • • • • • • 32 

Table A.2. Average Number of Cascade Neutroris Emitted per 

Nonelastic Proton Interaction with Various Targets· 

at Energies of 25 to 400 MeV .~.~ •••• ~ ••• ~ ••••••••••.• 33 

Table A.3. Average Energy of Cascade Neutrons Resulting from 

Nonelastic Proton Interaction with Various Targets 

at Energies of 25 to 400MeV ••••••••••• •• •••••••• •• • • 34 

Table A.4. Average Number of Cascade Protons Emitted per 

Nonelastic Proton Interaction with Various 

Targets at Energies of 25 to 400 MeV. 

Table A.5. Average Energy of Cascade'Protons Resulting from 

Nonelastic Proton Interaction with Various 

Targets at Energies of 25 to 400 MeV 

Table A.6. Average Number of Evaporation Neutrons Em~tted 

per Nonelastic Proton Interaction with Various 

35 

Targets at Energies of 25 to 400 MeV ••••••••••••••••• 37 

Table A.7. Average Energy of Evaporation Neutrons Resulting 

fro~ Nonela~tic Proton Interaction with Various 

Targets at Energies of 25 to 400 MeV ................. 
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Table A.l. Total Nonelastic Cross Sections for Protons 
Incident on Various Targets at Energies of 

25 to 400 MeV 

Cross Section (mb) 

Incident Proton Ener~ 

'. Target 25 MeV· 50 MeV 100 MeV 200 MeV 400 MeV 

6C12 454 356 257 225 227 

. 016 
·8 524 407 316 283 281 

.. A127 13 . 698 587 479 402 420 

"'52 
24·Cr 1007 857 728 655 659 

29Cti65 1143 988 832 763 735 

RulOO 1434 1242 1101 .1006 1019 44 . 
,~. 

58Ce140 i715 1556 1361 1250 1234 

74 W184 2018 1790 1620 1448 . 1458 

82
Pb207 2160 1928. 1738 1663 1618 

92lJ238 2323 2111 1918 1746 1770 
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Table A.2. Average Number o.f Cascade Neutro.ns Emitted per 
No.ne1astic Proto.n Interactio.n with·Vario.us Targets.at 

Energies o.f 25 to. 400 MeV 

Number o.f Cascade Neutro.ns Emitted per No.ne1astic 
Pro.to.n Interactio.n 

Incident Pro.to.n Energy 

Target 25 MeV 50 MeV .100 MeV 200 MeV 400 MeV 

6CJ.2 0.45 0.64 0.88 0·93 0·95 

60J.6 0.41 0.61 0.87 .0.94 1.030 

J.3A127 0.34 0.62 0.88 . 1.09 1.23 

24Cr52 0.27 0.50 0.83 1.21 ~.43 

. C 65 29 u 0.26 0.48 0.83 1.21 . 1. 55 .. 
44RuJ.o.o. 0.20 0.41 0.76 1.14 1. 70 

58CeJ.4o. 0.17 0·37 0.71 1.17 1. 73 

74 WJ.84 0.13 0·31 0.65 1.07 1. 70 

82Pb2o.7 0.12 0·30 0.63 1.12 1·73 

. u238 92 0.11 0.27 0·57 1.10 1.66 
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Table A.3. Average Energy of Cascade Neutrons Resulting from 
Nonelastic Proton Interaction with Various Targets· 

at Energies of 25 to 400 MeV 

Average Cascade Neutron Energy (MeV) 

Incident Proton Energ~ 

Target 25 MeV 50 MeV 100 MeV 200 MeV 400 MeV 

·6C~2 8.6 14.7 31.3 67.5 120.8 

80~6 8.2 15·3 29·1 60.0 105.8 

l.3 Al27 9·1 14.8 29.3 53.6 98.1 

24Ci52 9.4 14.$ 28.0 48.8 85.8 

C 65 29 u . 9.4 15.6 26.7 47.6 85.0 

44Rul. OO 10.4 17·0 27.3 45.4 74.6 r· 

58Ce~40 11.7 17·1 27.7 46.;3 74.8 

74 Wl84 12.3 17.8 29.2 45.2 72·3 

82
Pb207 .2 18·7 28.7 49.3 70.5 

92rP38 12.3 19·7 31.0 45.6 67.9 

... 
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Table A.4. Average Number of Cascade Protons Emitted per 
Nonelastic Proton Interaction with Various Targets 

at Energies of 25 to 400 MeV 

Number of Cascade Protons Emitted per Nonelastic 
Proton Interaction 

Incident Proton Energy 

Target 25 MeV 50 MeV 100 MeV 200 MeV 400 MeV 

6C~2 0·57 0.92 1.24 1.47 1. 72 

80~6 0.53 0..83 1.19 1.52 1.72. 

~3A127 0.45 0.73 1.12 1.50. 1. 79 

24C;r.52 0·32 0.60 0·91. 1.31 1.79 

29cu65 0·30 0.52 0.84 1.24 1.74 
.~ 

44Ru~oO 0.20 0.41 0.71 1.19 1.64 

58Ce~40 0.14 0·32 9·57 0·97 1. 51 

74 
W~84 0.11 0.28 0.49 0.85 1.39 

82Pb207 0.10 0.24 0.46 0.75 1.28 

92 0238 0.08 0.21 0.41 0.72 1.24 
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Table A.5. Average Energy of Cascade Protons Resulting from 
Nonelastic Proton Interaction with Various Targets 

at Energies of 25 to 400 MeV 

Average Cascade Proton EneiOgy (MeV) 

I~cident Proton Ener~ 

Target 25 MeV 50 MeV 100 MeV 200 MeV 400 MeV 

sC12 °B.B 17·3 34.6 72.1 146.5 

SOlS B.B lB.6 34.5 70.6 147.2 

. 27 
13Al 9·1 17·0 30·9 62.3 127.5 

24Cr'2 9·3 16.B 31.4 59.4 114.2 

29CUS5 9.5 17.B 31.0 59·3 104.4 

o RulOO 
44 10.7 lB.o 29.B 56.1 . 99· 7 

5SCe140 11.1 19·1 31.9 56.6 96.B 
0;. 

74 W1S4 11.9 19·1 32.5 91.6 100.4 

B2Pb0207 12.4 20.0 33·9 60.0 101.1 

92 1f3S 13·2 20.7 33·5 57·1 105·7 
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Table A.6. Average ·Number of Evaporation Neutrons Emitted 
per Nonelastic Proton Interaction with Various 

Targets at Energies of 25. to 400 MeV 

Number of Evaporation Neutrons Emitted per Non-
elastic Proton Interaction 

Incident Proton Ener~ 

Target 25' MeV 50 MeV 100 MeV 200 MeV 400 MeV 

SC12 0.04 0.19 0.28 0.35 0.41 

801S 0.07 0.26 0·39 0~39 0.48 

13 Al27 0.37 0.54 0.59 0.60 0.61 

. 24Cr52 0.74 1.12 1.45 1.76 1.92 

2SCuS5 1.18 . 1.78 2.40 2.69 3·11 
.~ 

44RulOO 1.73 2.46 3.22 3.73 4.22 
.J 

58Ce140 2.24 3·01 4.23 5.22 6.25 

74 W184 2.57 4.11 5·95 7·70 9.08 

62
Pb207 2.56 4.06 6.02 8.11 10.62 

S2t.F38 3.47 5.23 7·71 10.67 13.18 

.. ' 



38 
t~ 

I-

Table A. 7. Average Energy of Evaporation Neutrons Resulting 
from Nonelastic Proton Interaction with Various 

Targets at Energies of 25 to 400 MeV 

Average Evaporation Neutron Energy (MeV) 

I~cident Proton Energy 

Target 25 MeV 50 MeV 100 MeV 200 MeV 400 MeV 

SCl2 3.6 4.7 5'.7 6.1 5·5 

SOlS 3·2 3.6 5·0 5.6 5·5 

lsA127 1.5 2·9 4.0 4.7 4.7 

24Cr52 2.0 2.6 3.7 3·7 4.2 

29CUS5 1.8 2.3 3.0 3·7 4.1 

44RuloO 1.6 2.1 2·7 3·2 3.8 

5SCel40 1.3 1.9 2.4 2·9 3·5 '. 
74 WlS4 1.3 1.7 2~2 2.7 3·2 

s2Pb207 1.3 1.6 2.1 2.6 3.2 

92 u2ss 1.2 1.5 2.0 2.5 3·1 

.;. 
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