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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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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 emphesis is placed on describing the salieﬁt features of
the radlatlon penetration problem with the 1ntent of deduc1ng the ‘materials
that w1ll 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 requiredlforv
various missions because this requires'dichssions of topics beyond the
intended scope of the present paper. To:ioclude such eetimates would
require discussion of the_possible mission trajectory and a discussion
'kof 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 shoﬁld be>noted that the
space radiations that are likely to constitute a radiation hazard are all
charged particles. This is true.in general beoauee only charged particles
can be trapped in avplanet‘s magnetic fields -and build up to high intensi-
ties or caﬁ_be accelerafed'to high energies in the»varying magnetic fields
in'space. Photon intensities in space appear. to be very small and of
little concern. Neutral particle‘inteosities also,appear to be very small
since these particles are not accelerated by elecfric_or magnetic forces
and generally decay into charged partiéles withih a short distance of

.their creation because of their relatively shorf half lives.

Van Allen has recently sumarized £he locétions and intensities of
the geomagnetically trapped'radiation‘found in the two natural radiation
belts.1 Figures 1 through 3 are reproducfions.of his data.. Figure 1 shows
the location of the immer radiation belt, which is centered about 1400 .

1. J. A. Van Allen, "Brief Note on the Radiation Belts of the Earth,"
Paper A-1, Proceedings of the Symposium on the Protection Agalnst
Rediation Hazards in Space, TID-7652 (1963).
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miles above the earth's surface on the géomagnetic equafor. This belt is
very stable and consists mainly of high-energy'protbns ranging in energy
to approximately TOO 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 LO kev, and Fig. 3
shows the omnidirectional flux of electrons greater than 1.6 MeV. It
should be noted that the ‘highest intensity of hlgh-energy electrons is
centered between 3 and L4 radii from ‘the center of the-earth. The intensi-
ties shown in Fig. 3 are typical of those that mlght be encountered during

perlods of inactivity on the sun.

Figure U4 presents the,integral and differential spectrum of the
electrons in the heart of the outer‘radiatiqn belt. The data points are
those of O'Bréin et gl.z' It will be ﬁOtiéed that the differential spec-
trum falls off steeply with energy and bécoﬁes negligible at 5 or 6 MeV.

_ The_location of the low-energy protons:in-the'outer belt is ap-
proximately represented by that shoﬁn for the -electrons in Fig. 2.
Although these protons have flux values as high as 108 particles/cnf-sec,
their maxiﬁum energy is only 5 MeV; therefore they can be neglected as &
radiation hazard because they can be stopped by a shielding material a few

tenths of a g/cm® 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 10° particles/cm®-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 °

the beta-decay spectrum from fiSsion fragments reported by Carter et al.

2. B. J. O'Brein et al., J. Geophys. Res. 67, 397 (1962).
5. C. E. Carter, F. Reines, J. dJd. Wagner and M. E. Wyman, Phys. Rev,
113, 280 (1959)
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and was normalized to a total of 10° particles/cm?-sec to represent the
intensity of radiation that was present immediately after the nuclear
blast. This spectrum is significently 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 T MeV. ‘

Turning briefly to cosmic rays, it is appropriate to note that the
sun is a source of high-energy protons; Ffequently, active regions are
created on the sun which emit high fluxes of protons ranging in eneigyi
up to 10 Bev. In most cases, however, the intensity is sﬁfficiently 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 spectfa of solar pro-
tons.%4 The spectrum of the protons in the inner radiatien belt and the
primary protons of galactic origin thaf arrive from-spaeerare also shown
in Fig. 6 for comparison purposes. The galactic protons will range in.
energy into the hundreds of Bev. However,'the intensity ie sufficiently
low that this source of radiation is not likely to constifute a radiation

hazard.

To summarize the information on the sources of radiation, there 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

Lk, 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 continuocus one, and the average energy

1

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

calculated. The stopping power of several 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 Pig. 8, which shows the maximum range in g/cm? 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 islequal to the incident energy expressed in MeV.
Thus a 10-MeV electron will be stopped by approximately 10 g/cmz'of
material and a 1-MeV electron will be stopped by approximately 1 g/cm2
of material. It is therefore clear that it will take approximately 5 to
7 g/cm® 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 material; However, occasionally the
electron will make a radiativé collision in the process of diffusing
through the material and give rise to bremsstrahlung radiation. The
spectra ofthegbremsétrahlung’emitted for. electrons slowing down in:the
charring ablator of a capsule are shown in Fig. 9.° 0f special signi-
ficance is the stéepness 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 5-g/cm2-thick

shield with an outer layer of ablator is exposed to the electrons in the

5. Neutron Phys. Div. Space Radiation Shieldihg Res. Ann. Prog. Rep.
Aug. 31, 1962, ORNL-CF-62-10-29 (Rev.) (1962), Paper I-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.é
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-weighf 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 photoélectric'crdss section which is sd effective
for stopping low-energy photons is proportionél ﬁQ the atomic charge to

the fifth power.

In considering the problem of shieldinglagainst protons, we. find
that thé 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 preferentially.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 discussed 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 exanmple,
consider the range of a l-Bev proton in hydrogen, which 1s the most
economical shielding material. In this case the shield thickness must be
approximately 170 g/cm? to stop fhe proton. However, a shield of this
thickness is not likely to be carried on a typical space vehicle and
therefore some protons will 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.® As the depth in the shield increases, the low-energy
protons are preferentially removed by collisions with atomic electronms,
and the curve tends to turn over and have.a maximum. This also leads to
a general hardening of the spectrum. By "hardening" 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 collisions with
the bound atomic electrons were the only interactions to be consldered,
the attenuation of the protdns Would‘be relatively simple. However, just.
as in the case of electrons, secondary radiation can be created, in this
case by nonelastic interactions of fhe protons with the atomic nuclei. A
schematic sketch of the interactions that are possible is shown in Fig. 13.
The incident proton approaching from the left, ionizing atoms as it goes,
can have a nuclear interaction énd produce:pions‘and other particles, as
indicated in the ﬁpper 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 noneléstic 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-excitation.. The boiled-off particles,
especially the neutrons, then can have nonelastic séattering events or
can be captured by other nuclei. The cross sections for high-energy non-

elastic events for various elements in the periodic table7?’8

are shown
in Fig. 14 (see also Table A-1 in Appendix A). They are essentially

geometric but vary slightly with energy. The nonelastic cross section

6., 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 Beams by Aluminum Shields, ORNL-3317 (1962), Fig. L.

T. H. W. Bertini and L. Dresner, Neutron Phys. Div. Space Radiation Shield-
ing Research Ann. Prog. Rep. Aug. 31, 1962, ORNL-CF-62-10-29 (Rev.)
(1962), Paper I-2, p. 58.

8. 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 émitted as
a result of a nonelastic event between a proton and a nucleus is given
in Fig. 15.as a function of the atomic mass number.”’8 For L0O0O-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 number® 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 these nonelastic interactions in comparison
with the collisions with the bound atomic electrons is indicated in
Fig. 17. The dashed curvesvrepresent the energy deposited by ionization
collisions and are the stopping-power curves of Fig. 10. Thé 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 %00 MeV for each material.
This suggests again 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 inéident 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 fdur‘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-welght 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.® TIn this case it is assumed that a
400-MeV proton beam is incident on the shield. Not all components of the
secqndary radiation are included in the 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 priméry
particles for depths shorter than the range of the primary particle. For
depths in the shield greéter than the rangé of the primary particle, the

secondary particles dominate the penetration:problem.

For thin shields such as thosé that might be used on space vehicles
in exploration of space close to earth, secondary particles can be ex-
. pected to contribute only a small percentage of the penetrating radiation.
But this must not be construéd to mean that the secondary radiations can
be neglected in all cases, becausé there are actually two distinét prob-
lems: one.resulting-from the secondary radiations creatéd 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 partic¢les-contribute only a rather small
percentage to the energy deposition, it is exaétly these particles that
usually cause fhe_greatest biological damage. Therefore the energy

deposition by these particles is usuwally multiplied by a factor of 10

9. Neutron Phys. Div. Space Radiation Shielding Research Ann. Prog. Rep.
Aug. 31, 1962, ORNL-CF-62-10-29 (Rev.) (1962), Paper I-4, Fig. k.
10. Op. cit. Fig. 1, p. 119. :
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to 20 to account for their enhanced biologically damaging effect. 1In
such cases, the dose rate from-thesé‘recoil hucléi and evapération
charged particles would be comparable to thét»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 the body may.cdhtribute a large biological doée'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 épace.' Thisiis geﬁerally true ﬁfovided secondary elegtro-
magnetic radiaﬁion does. not dominate the attenuatioﬁlproblem, in which
case g combination'Of light atbmiC‘weight matefial followed by a heavy

atomic weight material may provide tﬁé lightest weight shields.



31

Appendix A
The following tables were prepared from the data calculated by

H. W. Bertini and L. Dresner’ 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 .

25t0 )'I’OO MeV ooo.o.o-oooooo.oo‘oo-vo-ro.o.ooooa‘o-'ooooo.oo-oo; 32

Table A.2. Average Number of Cascade Neutrons Emitted pér
" Nonelastic Proton Interaction with Various Targets;-

at Energies of 25 £0 400 MEV  wiesevensessioesssesasess 33

Table A.3, Average Energy_of Cascade Neutrons Resultihg frém
Nonelastic Proton Interaction with Various Targets
at Energies of 25 to 400 MeV . seevveeesensencansacsness 34

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

Targets at Energies of 25 to 400 MeV . '.....;.,;,....... 35

Table A.5. Average Energy of Cascade Protons Resulting from
Nonelastic Proton Interaction with Various

Targets at Energies of 25 to LOO MeV e 36

Table A.6. Average Number of Evaporation Neutrons Emitted
per Nonelastic Proton Interaction with Various

Targets at Energies of 25 t0 Y00 MeV  wevevesssocssecee 37T

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

Targets at Energies of 25 to 400 MeV S eessersssecsseses 38
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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 Energy
" Target 25 MeV. 50 MeV ‘lOO MeV 200 MeV  L0OO MeV

eC? b5k 356-" 257 225 227
:so16 soh C bo7 %16 283 281
138127 698 67 419 2 h2o
-4CT52 1007 857 728 655 659
2oCu® 1143 988 8%2 763 ‘. 735
pRWIO0  1hsh 12k 1101 - ~1006_ 1019
5aCet*© 1715 1556' 1361 | 1250 123k
7aW'8* 2018 . 1790 1620 1h4b8° 1458
@2Pb207 2160 - 1908, 1738 . 1663 1618

92F%8 2323 2111 1918 1746 1770
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Téble A.2., Average Number of Caséade-Neutroné Emitted per
Nonelastic Proton Interaction with. Various Targets at
Energies of 25 to 400 MeV

Number of Cascade Neutrons Emitted per Nonelésﬁic
Proton Interaction

_ ‘Incident Proton Energy
Target 25 MeV 50 MeV  .100 MeV 200 MeV = 400 MeV'

oC2 0.45 0.6L 0.88 0.9% | | 0.95
S0 o1 0.61 0.87 0.9%  1.0%0
15A127 0.3h 0.62 0.88 1.09 1.23
24Cr52 0.27 o.so. 0.83 C1.21 1?&3
200055 0.26 0.48 - 0.83 . 1.1 1.55
44RU*9°  0.20 ) O.hl‘ 0.76 V” 114 1.70
ssCe™°  0.17 0.37 0.71 1.17 1.7%
74U 0.13 | 0.31 0.65 1.07 1.70
82Pb®%7 © 0.12 0.36 0.63 1.12 | 1.73

92UF%8 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 40O MeV

Average Cascade Neutron Energy (MeV)

Incident Proton Energy .

Target 25 MeV' 50 MeV 100 MeV 200 MeV L0O MeV

6012 - 8.6 1.7 5.3 67.5 120.8
g0€ 8.2 15.3 ~ 29.1 . 60.0  105.8
124127 9.1 | 4.8 - 29.3 " 5%.6 V' 98.1
24Cr°2 9.k 14.8 28.0 - 18.8  85.8
29CuS> 9.4 15.6 26.7 47.6 | 85.0
4 4RUL00 1o.h‘ - 17.0 213 Cohs.y T4.6
55Ce??®  11.7 | 17.1 27.7 46.3 4.8
o WB 12.3 17.8 29.2 45,2 - 2.3
82Pb2%7 12,2 18.7 - 28.7 49.3 . 70.5

onP38 12.3 19.7 . 31.0 . 45.6 67.9

e —_—
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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
ctz 0.57 0.92 1.2k 1.47 1.72
508 0.5 0.83 1.19 1.52 172
18A1Z7 0.5 0.73 1.12 1.50 1.79
Z;Crsz 0.32 6.60 0.91 131 1.79
29CuS> 0.30 0.52 | 0.84 1.24 1.74
44RUTOC  0.20 0.41 .0.71 1.19 1.6#
saCel4® 0.1k 0.32 9.57 0.97 1.51
24 WB4 0.11 _ 0;28 0.49 0.85 1.39
Pb2%7  0.10 0.24 0.46 0.75 1.28
ooP38 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 40O MeV "

Average Cascade Proton Enerzy (MeV)

Incident Proton Energy
Target 25 MeV 50 MeV. 100 MeV ~ 200 MeV 400 MeV

&C12 8.8 7.3+ 3h6 72{1 - 146.5
g01® 8.8 18.6 3&.5 70.6  1L7.2
138187 9.1 © 17.0 30.9 62.3 ©127.5
240152 9.% 16.8 21,4 . 59.4 114.2
25Cuc> © 9.5 17.8 31.0 59.5' 1ou;u
24RUW°  10.7 18.0 29.8 - 56.1  99.7
5aCel40 1.1 | 19.1 31.9- " 56.6 96.8
7o WB% 11.9 19.1 32,5 61.6 100. 4
s2Pb?%7 12,4 20.0 . 3%3.9 60.0 101.1

oo P38 13.2 20.7 33,5 57,1  105.7

——

g
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Teble A.6. Average Number of Evaporation Neutrons Emitted
per Nonelastic Proton Interaction with Various
Targets at Energies of 25 to 40O MeV

Number of Evaporation Neutrons Emitted per Non-
elastic Proton Interaction

" Incident Proton Energy
Target 25 MeV 50 MeV 100 MeV 200 MeV 400 MeV

&Ct2 0.0k 'o.19 0.28 0;55 © 0.1
8olé | 0.07 0.26 0.39 0.39 o;u8
138127 0.37 - 0.5h4 0.5~ ° 0.60- . 0.61
. 24Cr°2 0.7k 1.12 1.45 1.76 '_ 1.92
25CuES 1.18 1.78 2.40 2.69 3,11
44RUYO® 1,73 2,46 3,22 3,73 L.22
) seCe™® 2,24 3.01 4.2% 5.20  6.25
748 2,57 o1 s.95 7.70  9.08
82Pb2°7 . 2.56 u.de 6,02 8.1i 10.62
s2lP%®  3.47 5.23 7.71 10.67  13.18

——————
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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)

Incident Proton Energy

Target 25 MeV 50 MeV 100 MeV 200 MeV =~ 400 MeV

¢te 3.6 b7 5.7 6.1 5.5

g0*€ 3,2 3.6 5;0 5.6 5.5

13A1%7 1.5 2.9 . 4.0 4.7 b7

5402 2.0 2.6 3.7 3.7 4,2

29CuB> 1.8 2.3 3.0 . 3.7 4.1

24Rut° 1.6} 2.1 2.7 3.2 3.8 ’
55Cet40 1.3 1.9 2.4 2.9 3,5 .
2o W84 1.3 1.7 2.2 2.7 3.2

s2Pb207 1.3 i.6- 2.1 2.6 | 3,2

0a238 1.2 1.5 2.0 2.5 . 3.1
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