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ABSTRACT
H

Postirradiation radiochemistry analysis of 800-MeV proton ir-
radiated ultrahigh purity aluminum has been done with standard
gamma-ray counting equipment determining the Na 2 activity in the
activated aluminum. The results of these measurements are compared
in this paper to the predicted values obtained from CINDER, a gen-
eral nuclide depletion and fission-product code. This program can
be used easily to calculate the activity of materials under arbi-
trary irradiation, provided that the source terms for the various
radionuclides produced are knocwn. The required production cross
sections have been calculateﬁ by using the nucleon-meson transport
code NMTC to determine the nyclear reactions produced by the pro-
tons, and the theory of Lindﬁard et al. to evaluate the resultant

damage energy deposited in tke target.
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I. INTRONWUCTION

A 5-.A beam of 800-MeV protons, generated at the Clinton P.
Anderson Meson Physics Facility (LAMPF), has been used to conduct
a materials science radiation damage experiment.1 The results of
postirradiation radiochemistry analysis of 800-MeV proton irradia-
tion of ultra high purity aluminum have already been reported.
Standard gamma~ray counting equipment, including a Ge-Li detector,
a multichannel analyzer and associated electronics, was employed
to count the Na22 activity in the aluminum. Because activation is
proportional to proton fluence, relative dose levels could be
determined; also, use of a selected production cross section ~ for
Na22 in aluminum and a calculated damage energy cross section s>
for 800-MeV proton bombardment allowed determination of a calcu-
lated value for the number of displacements per atom (dpa) that
the material received.

This calculation has now been augmented by a more detailed
analysis of the irradiation and decay heat using the depletion and
fission-product code CINDER, which allows the production and sub-
sequent decay of all the many radionuclides produced during high-
energy bombardment of any material to be modelled in detail. 1In
aluminum, because all but two radionuclides produced are extremely
short-lived, and because those two are independently formed, the
increased complexity of the model thus available is not really
necessary. However, in heavier materials such as copper, molyb-
denum, and stainless steel, the characteristic half-lives of many

of the radionuclides formed are comparable to the problem time;



thus no analytic solution for activity and decay heat is obtainable
readily. Also, the effects of arbitrary combinations of dif-
ferent irradiation and annealing times can be determined accurately
(important in long intermittent irradiations). Benchmarking the
results obtained for 800-MeV proton aluminum irradiation from the
CINDER code against experiment helps validate the application of

such an analysis to other materials for decay heat and activity

calculations.




II. CINDER

CBMER&J originally was developed to model the rate of pro-
duction and buildup of various fission-product nuclides during the
operation of a power reactor to optimize the utilization of nuclear
fuel. Also it provided information about the heat generated during
the radioactive decay of such nuclides, required for loss of cool-
ant and safety analyses.

The temporal concentrations of fission-product nuclei pro-
duced in a nuclear reactor are described by a large set of coupled
differential equations, each nuclide concentration being determined
by a history of gains from direct fission yield, transmutation and
radiocactive decay from parent nuclei, and losses from its own
decay and particle absorption. The depletion and fission-product
computer code CINDER simplifies the solution for fission-product
concentrations by resolving the complicated nuclide couplings into
linear chains. Each linear chain represents a unique linear path
from nuclide to nuclide, resulting in small independent sets of
coupled differential equations describing the rate of change of
partial concentrations of nuclides in each chain. The solution of
a large set of coupled differential equations thus is reduced to
the solution of a number of small sets of coupled differential
equations, each characterized by a single generalized form.

Because of the linear nature of the chain (a result of the Markov
process), the generalized equations may be solved sequentially for

the partial concentration of each nuclide in the chain. Nuclide



concentrations are then obtained by summing partial concentrations.

The mathematical treatment is described in detail in Ref. 8.

The CINDER program easily can be used to calculate the activ-
ity of materials under arbitrary irradiation (such as the 800-MeV

proton beam at LAMPF) provided the source terms for the various

radionuclides produced are known. The calculation of the required

production cross sections is described in the next section and the

resultant CINDER-7 input9 for aluminum irradiated at LAMPF is

given in Appendix A. This is a relatively simple case, with only

56 linear chains. (Molybdenum irradiated at LAMPF, for example,

requires 211 linear chains.)




III. PRODUCTION CROSS SECTIONS FOR PROTON-IRRADIATED ALUMINUM

Because there has been little or no theoretical information
available concerning the damage effects of medium-energy protons
in metals, a general characterization of proton damage4 was
attempted to determine damage energy and impurity deposition. One
of the main effects of the protons is to generate inelastic nuclear
interactions in the target, with the consequent production of heavy
spallation and light evaporation nuclei covering a large part of
the periodic table below the target nucleus mass numbers. Except
for targets made from the lightest metals, the species produced in
this fashion will number in the hundreds. For each such nuclide
produced in significant amounts, the production cross section, the
recoil energy distribution, and the damage efficiency of the
nuclide in the target material must be determined.

The nucleon-meson transport code nMTC 10 incorporates
Bertini's intranuclear cascade-nuclear evaporation codell as a
key element. It calculates the reactions produced when a nucleon
or charged pion is incident on a given target, which may consist
of several different spatial regions of various shapes, each con-
taining a variety of specified nuclides with assigned densities.
In generating a nuclear interaction, the program first allows the
primary particle to interact with a target nucleus in an intra-
nuclear cascade in which scattering, possibly inelastic, of the
primary particle from individual nucleons occurs. The scattering
events are calculated by Monte Carlo methods according to experi-

mentally determined cross sections in energy regions where these



cross sections are available, and according to certain theoretical
estimates of these cross sections in regions where they are not.

At the completion of the intranuclear cascade, the resultant ex-
cited nucleus is allowed to evaporate neutrons and light nuclei

{p, n, H2, H3, He3, and Hel); no nuclei more massive than He4 are
emitted in the evaporation model used. The helium and heavy
hydrogen isotopes and the spallation nucleus remaining after the
evaporation phase are dropped by the code after the data character-
izing them are recorded. Charged pions ejected from the nucleus

in the intranuclear cascade phase, and nucleons emitted in either
the cascade or evaporation phase, are transported further and
allowed to have additional nuclear interactions with target nuclei.
This is continued as long as their energies remain above certain
cutoffs, required because the intranuclear cascade-nuclear evapora-
tion model ceases to yield acceptably accuate results for incident
nucleon energies below a few tens of MeV, and for charged pion
energies below a few MeV. Nucleons and charged pions that drop
below their respective cutoff energies are not transported further
by the code, except that stopped negative pions may be required to
have nuclear interactions. Transported charged particles experi-
ence energy losses to electrons and optional Coulomb spreading of
their trajectories. For the purposes of this calculation Coulomb
recoil of the target nuclei has also been included in the code
although it is not part of the standard version of NMTC. Various
types of events are calculated including nuclear interactions with

and without emission of high-energy particles, particle crossings



of internal or external boundaries, and slowing of a charged parti-
cle to cutoff. 1In addition, points on the trajectories of above-
cutoff protons and charged pions can be made available for tabula-
tion of .electronic energy losses and similar quantities.

This code has been shown to be reasonably accurate in calcu-
lating inelastic nuclear interactions produced by protons and

neutrons in the energy range from ~100 MeV to 3.5 GeV. The code

determines numbers and kinetic energies of spallation nuclei, light
nuclei, and neutrons produced by the interactions, and so yields
impurity production directly. A separate determination of damage
energy deposited in the target is then necessary, using as input
data the production cross section and energy distribution inferma-
tion generated by NMTC, as shown in the listing of results for
These produc-

800-MeV proton irradiated aluminum in Appendix B.

tion cross sections can also be used by the CINDER code to calcu-

late target activity and decay heat.



IV. RESULTS

A 5-pA beam of 800~MeV protons generated at LAMPF was used
to conduct a materials science radiation damage experiment in which
thin aluminum targets were irradiated. Because of the length of
the experiment, the down times are significant and the actual ir-
radiation history is shown in Fig. 1. (Any structure whose time
constant is minutes or hours rather than days has been averaged
out.) The samples were then removed and 228 days later the Na22
activity in the central, most heavily irradiated region was experi-
mentally found to be 1.79 mCi/g. Simple calculations related this
to a total proton fluence of 3.07 1019 p/cm2 and an implied damage
level of 0.0454 dpa.

This analysis has now been augmented by a more detailed study
of the irradiation and decay heat using the depletion and fission-
product code CINDER. A description of the CINDER-7 input data for
the irradiation shown in Fig. 1, followed by a 228-day cooling

period, is given in Appendix A. The flux history according to

the experimental specifications is:

Period (days) Flux
13 3.5 pA => 1.7724 1013 P
sz S
11.5 )
3 5 uA => 2.5321 1013 P
sz s
6.5 0
5.5 & pyA => 3.0385 1013 S
sz S
228 0




The CINDER-7 activity results for this flux history, clearly
showing the irradiation and annealing periods, are:

Period (days) Activity

13 4.561 1010 _atoms 456.6 mCi/g
s-cm3

11.5 1.917 108 _atoms 1.92 mCi/g
s-cm3

3 6.470 1010 _atoms 647.6 mci/g
s—cm3

6.5 2.613 108 atoms 2.62 mCi/g
S"—Cll‘l3

5.5 7.821 1010 _atoms 782.9 mCi/g
s-—cm3

228 3.032 108 atoms 3.04 mCi/g
s - cm3

The calculated activity (3.04 mCi/g) is quite a bic larger than
the 1.79 mCi/g experimental value. However, re-examination showed
that the total proton fluence was determined using a Na22 pro-
duction cross section? of 13.6 mb, whereas the CINDER program is
using a production cross section of 23.65 mb for Na22 (as seen in
Appendixes A and B). When this discrepancy is taken into account,

the CINDER result for the last time calculated becomes

3.04 mCi 13.6 mb ) = 1,75 mci/g-
/9 (23.65 mb d

This is only 2% lower than the experimental value and verifies
that the fission-product CINDER code can be used for decay heat

calculations for irradiation in the LAMPF 800-MeV proton beam.

10
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APPENDIX A

CINDER=-7 INPUT FOR 800-MeV PROTON IRRADIATED ALUMINUM

Table A-I lists the CINDER-7 input data for the irradiation

shown in Fig. 1, followed by a 0.624-yr (228-day) cooling period.

The yield fractions of the various nuclei produced are found

by normalizing the individual production cross sections given in

Appendix B by the total production cross section summed over the

various nuclei produced,

There are 10 energy groups modelied:

Group Content
1l betas
2 positrons
o " 3 0-0.5 MeV gammas
4 0.511 MeV gammas
5 0.511-1.0 MeV gammas
6 1.0-1.5 MeV gammas
7 1.5-2.0 MeV gammas
8 2.0-2.5 MeV gammas
9 2.5-3.0 MeV gammas
10 3.0 MeV and up gammas

13
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TABLE A-I

CINDER-7 INPUT FOR 800-MeV PROTON IRRADIATED ALUMINUM

LISTING OF INPUT DATA FQOR facce ]
« CINDER 7 RUN €77 ALMMINTM TARGET AT EYO 407

. TIME aND FLYY Ta0NS
(L1 1000010 1405240000 26%90e943.940
et se ZU'JO'JID 3121!005’0.')' 0.0.1-0-1.233701%1 N
L1 A4 2050020 27654¢004900:300695100+0400149
o se 2000039 72250402360 M:9015991,855001%,1,1
e 2JIJIdhr 156490e3094%02:%510060.001,0
s e 2030059 132:92:¢75%:740.051¢042,229241%,1.0
se 00 200095, 5472690695 %e%50¢901,050.301.0
. FYEL CARDS
ssce 1102101580 =2756.32=%91.0-3791,2
LA A4 2100101,04000400N:740,4157)7%
shes 310C101904050400M06202,435737%
sese 103008,001231
LA A4 100009,1
* Ae27 DETAY THATNS
sy 12001015M6=27006301.21539-3,1,2
ssos 920010190055532%00,001426=3,3,0545%9,,303,/7470,0
s 12001029AL=27¢%07=%51,3-3)4 161
s 92.0102,71070,0
s9e 300111,0.007173%48,2,0
(X244 12002C1oAL=27+45,22=2,1,3=2)+1,1
LI L1 9200201,71G70.0
sons 820211,0,0322465
ssee 12003C1e51=2750:70414502%1,2
s oo 923030199¢051e277502,:%91622,57%77,0
se0e 1200302, 4L =27906.22=241,9=3)5141
ssee 9200302,7/10/70.0
sese 800311,56441-3,0.2
. Ae24 NDECAY TURINS
seee 120C401oNA=2530400457316701,°
s Q2L04ULs 02130000 /61D,0,1.8607379,.D
scee 12004C2eM5-2650e00167~200101
sese 3200402,710/70.0
080 90041155.985=6,0,9
seee 12005519M53=2590e%0109=24¢ls]
(L2 14 9290504, 71C70.0
e e 50051190.1199304%
ssoe 1200601:AL=2650:902,99482=1%41p?
ssee F2u0060190e00 03T DL V0o2A740,000064% 1e%1e 737042
o0 1200302+46-25904991.9-3041,1
ssen 32605C 207107040
S0 800611940690740.9
*se0 1200701,S1=2550e000348541,?
*ses 920C70190:001e253990.0:10%,7673,0
st s 120CTC29 L =25"9":141044301,4
900 92C067C250+0514053303.951.02,7570.9
s %0 1200703,46=2650:4001:9=305101
shoe 9220703, 7137040
e e 80071192.095545=3¢7270.0
L As25 DECAY CUAINS )
900 1200801+ NA=2550,0¢.911%5,1,2
L LA 0] 9200’_01.1.26!'7.0.9!.055500.0. «22%2023.05.09%5073170,0
s e 1200902,%6=2550:001:09=%3,151
e $200%025 7107040
Léddd 80081199,65221=249.0
sses 12009015 M6=2500+701+2=30,1¢1
o0 9200901,710/0.0
(a4 800911,.09535717
sy 1221001sAL=25504094034279142
ss0e 92J13C150000300432004%5163257573.0
L d 1201002,M46=2550.991.9=3%¢101
L LA 44 92019202, 7107040
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301011+1:41953=2¢2:0
1201101551=25,0e%¢3:012683%%,1,2
Q2011C1,Ce0010300:901:N2474/0.0
1201102e%6~2450."01:0=234s1»1
9291102,71070.0

8311115862%5=40049

. An24 DECAY NUAINS

12012019 NE=2450e%0%,4617808823,1,2
92012C15¢5335%47e0400467A00,00.077%02%70,2
1201202,NA=2490,01:?R3508365,1,2
22012025 ¢453650eM0 73700510349, 727%05267%643.9
1261203, M53=2240s0:50147=710610 1
3201203»/10/70,0

90121102.50160646=2,727).3
12013019N8=2%504791420340%3=8,1,2
9291301+ 04%0450eMN0 /37069103499 7277a002.7%697,0
1201302545=2450,0+1:N=27% 141
9201302,/10/2.0

9C13115.022+0.0
1201%01945=2450:e0212-71091y1
9221401,/710/0,0

301411e¢,07254%

120150180 =24504014330774142

920150150600 209%%000301e9%:0:D01:35267270:96%¢7%6:0,0
1201502,4:5=2450:091:9=3%4101
9201502,/1072,0

80151102453462-240,9

. Am23 NESAY %Y4ATNS
120148CIoNE=23+0490,31272¢97, 1,2
V2215015144504 00e2165967773,3440167%,73/73,0
1201402, N4=23,06201:2=23,1,1
9201602571070,0

9C1411¢5.207~341.0

120170 0eN&=2340.99149=3D00 201
Q231701,71070,.0

BILTL1..065278
123130196=2300e0103%774%4202
920130150eC6166%04933441,%2,74/70,0
12319C2,N&=23+0:99147-320101
9201302,71070.0

801%11,7,107368=3,N0.%

* An22 DECAY CHAINS
1201301+F=225062751713,1,?

920133193418 785/74/040¢10%%Ce202,0%9/2/0,N
12013025NE=2290:N91a0=20e1s1
9221902+71070.,0

801?1137.52-6p0.0

12020019 RE=22:04¢002.3=2251»1

92323015 71G7G.0

3020115142965=2
1202101,)NA=2290e709%,646799%=G,1,2
920210190602 ¢5%5974006913%, 0605142755567
12021C2+N€E=22504091:9=I51¢1
9202102,710/0.0

B02111»5,+42856=24N,0

. As2]1 DECAY CUAINS

12022019 F=21204+01%7533401»2

92022015 1a72250eD0o2688,572/70,05,159260,01%+7270,0
120220294E=225s0400103=379 101

9202202, 7101040 N

802211+1,77804=3+0.9
12023019NE=2190e0»140=3001»1
9202301+710/G+0

802311s.065501
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TABLE A-I (Cont.)

1202601eN4=21,0.M9.N2011% 1,2
923240190.0548299%,0%=391,%297670.3
1202402,NE=21500"9149=21%,1,1
92024025 710/040

8024119547323+,

. Ae20 DECAY THATNS

12023015 0+2000,%¢0049%,1,2

92025215 490756747/0,001006074:0.0
12025025 F=2050600405%51:2
9232502016735357%7%49%01.53073/0.0
1202503)NE=2000:%91:0=2%51,1
9202503,710/040
8925119%5.71512=64/2/0.0

1202501 0F=20034%235%:1,2
9232501017853, 7%7%,%:1.8%+/%/C,.0
12025902+NE=20+0¢%91:9=300191
9202502+71070.0

B02611,8.4453-3,0.9
1202701eNE=200069+1:9=30,101
9242701»73C70.0

802711,023924

L] As19 DECAY CUAINS

12928019 0=15¢2,74.0279, 1,42
92023015142500430:1319957270400¢309%0574/C,3
1202302,F=1900,9¢1.7=20¢1s1
92029C2,71070.0
8026811,1.079522=3:0,9
1202901sF=19500901.3-20s101
9202301¢/71070.0

802911549119356
1203001sNE=19,0.D . .7308,1,?
923320150608 07490:4%9162257579.9
1203002eN=1950:0¢1.0=30461,1
92030032,71079.0

8C30119i.526=3,0,9

¢ Anl8 DEZAY CHAINS
12031014N=18,50,0910101,?
92031C10361025777M02064%3%300002:957551.0127:7270,0
1203102+7=18,0490143-3251,1
92333102, 7107/0.0

503111’20’6-50°-5
123320193=19,0600122=30,1,1
9203201»71G70.0

8G32115341784455-2

1233301, F=19%900.9¢1,750223<4531»?
320330120e05<20%253%,0,05,7%94,/767),0
1203302,50=1850e%¢142=304151
92033025/710/0.0

303%115,0182447:%,"
1203601sNE=1950e79000747%8,152
92034019040» lol""’ﬁoOoﬂtloO’JO-Qo.O?"!"’0.0
12034029 F=1%,0:001:7%50223=4,162
920340250002 ¢2012535,0,00078%9 757,90
1203403,0-10+20692143=365101
9203433,71070.0
80341152:54=5;/2710.0

* As1? QECAY “YATNS
1203501sN=1750.0940156727,1,2
9203501014504 057270.%0aM261072/%:20.0100%5:77270,0
1203502,9=1750951:3-322151
9233502, /710/0.0
30351151490504=4+0.,9
120%5C101=170CeDs1e0=3001s1
9253%01,71070,.0
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B8u3611,6013%5250
1203701,F=1750:25.019%023%:1,2
920370199405 4574260:% 16729 75/049
120370257=17406201.0=3051,1
9203702,710/0.,9
803711,1,6%51-3,3,9

. A=ls DECAY NYATNS
1203301s8=15660,00eN378,1,2
9203%0191eRA0570N D0 /M/0eMs o027%566,5052
120330250=16594901:3=3007 41
9233%0257107G.0
803311514916~352.3
1223901900=16¢3470140=395101
92033C1e710/0Q,0

863911s.0%92

. Asl5 DECAY 7HAINS
12064001,5C=1552.20637%04884,1,2
Q2060019240639 0e00/7704Ns14AD332
12040025N=~1550e001e9=3051,1
92440L2e 710703
90401156.35=-5,0,0
12241019N=1550e741,7=30,1,1
9204101+71073.0

Suelllsr.0262216
120620157=1590,205,53=%91,2
9226420100609 4574%27:241a%2075/0,0
120642029N=15524D70167=706%1
2042020710/ 0.,0

8L4211s944~35C.0

L ] As)l4 DECAY CHATINS

12063019 Ce16500%02,%=1241,2
9244201905168, 73/0,9
1206732)N=1450431143=309%,1
32064302071C7G.0
33431151.,09=3,0,9

1234401 9N=1440425163-33¢101
92044C1ls/1C73.0

93646ll9e052
12345CG19M1=1400e7: 3, 70391,
320450100.09 4505100609 1eN20/3/0,052,2957279,7
12245029N=14+04021.9-3%,1,1
92065C2»71C70.,0
8G451105435013-5+1,.9

[ Asl3 DECAY CHATNS
12065010C=1350,"01:%7=3151,1
9204601»/710/0.0

304511,.0239376

12047012 N=13+062014156=751,2
92470120400 039%07.M1.,0%78/0,9
120667029C=1350.791,0-3%¢1s1
3204793257107049
804711+3.830961=242,0

. As12 DECAY ZHATINS
120480148=12s04003%0%551,?
8226430194074590e06/T10:D0e2%51237
12364802+C=1250¢2+143=33,1,1
92069029710/0,0 .
8068115349101 ~4¢0.0
120649015C=125049+1.3-3351,1
22064901, /710/0.0

804911,.0493141
120500104=12003952:J134,1,2
923530150:005,301257770:%4,471
1205002sC=1200:%11,3=32¢ 101
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9205002,710/0.0
80501156,35013=%,%,1

[ ] Aell DECAY r4YyaTNS
120510109=11,04201.9=3% 1,1
9205101+ 71070.0
505111,4.50%6-3
12052010eC=11906009,57%=6,1,2
920520190600 03291¢0,061:0%:74/0.0
1205202¢9-115042+1.0=30r101
9205202, 71C /0.0
80521151.9608863=%,0,0

¢ FINAL DECAY fHAINS
120%30158=1050:001,9=70¢1,!
9205301,71070.0
805311,.01022772
120%6¢0150L1-9504%00%155,51,2
9235601,440095,7973,9
120502,8E=0850.001.2-3001s1
923549224+710/0.0
2U561106435013=5+0.)
1205501, L1=793sNel1eM=3201,"
Q205%01,710/70,0
35551155715~4
12055C0198E=7006221.5137=741,2
920550190600 Cad0eNeI131077/70,0
1205502,L1=7306701:3=3001»1
920%402+71070.0
B05611r&ke=%¢Ce0
12257C1sLT=5504001,3=33¢101
92257015 71470.0
30571196.06355=3



APPENDIX B

PRODUCTION CROSS SECTION AND DAMAGE
ENERGY CALCULATIONS FOR 800-MeV PROTON

IRRADIATED ALUMINUM

The results of the NMTC calculation described in Sec. III

are given in Table B-I. The production cross sections required by

CINDER are on the third through sixth page, and need only be nor-

malized by summing over all the nuclides produced.
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TABLE B-I
PRODUCTION CROSS SECTION AND DAMAGE ENERGY CALCULATIONS

FOR 800-MeV PROTON IRRADIATED ALUMINUM

THE MICLEONaNESON TRANSPORT CODE AND THE LINDNORD THEORY MavF BEEN USED T8 ESIImAIL 0avact EFFCCIS PHMDUCED
AY  AWY MEY PROTONS INCIOFNT .OaNALLY OW 8 ALIMENIN  TARGET (1,58 CN InlCn, 1ol AVENAGED and Nas wan]aTiONS
ONTAINED FON SEVERAL DAMAGE=-NELATED QUANTITILS SPYPW IV ysrs OF of GsICHES OF 15040 PROIINS CACH ARE SHOWN BELD4,

QuANESTY avreang NS vaQlaATION
TOTAL CHARGEO=PARTICLE DAMAGE ENESGY CHOSS SECTILN (SaNNeKEY) 82,00480 12,8919
SPALLATION NUCLEUS DANAGE ENERGY CROSS SECTION (PadnecIy) an, 88297 9,83087
ENERGETIC PROTON COULONG Di't:5F ENERGY CAN3S SECLITON {MANNCKEV) 10,1108y 2,28008
SPALLATION AUCLENS PRODICTION CRD3S SECTEON (DARNS) 03022 LJA9382
SPALLATION NUCLFUS RECOTL ENEAGY CROSS SECTION (BaRNeNEV) 1692,20278 299,625
HEAVY NUCLEUS ELASTTIC RECOTL ENERGY CAOSS SECTION (MaRNeKEV) 20,60508 8, 00059
LIGNT NUCLEUS DAMAGE ENEAGY CROSS SECTI0N (8AANeNEY) 3,07828 75028
LIGHT MICLEUS PRODUCIION CROSS SECTION (BAANS) 296248 L2122
HEUTRON KINETIC ENENGY CROSS SECTION (DARN-MEY) 3, 00502 53033
NEUTRON PRODUCTTON CADII SECTION (BaRNS) <o1200 J 12500

THE AVERAGE KINETIC ENERGIES AND PHOOUCIION CRO3S SECTINNS FOR THF LIGHT PARTICLES AND LISNT NUCLES,
TOGETHER WITH THE OANAGE ENERGY CROSS SECTIONS FOR THE LICHT NUTLES, AAE GIvEN SELOw,

PARTICLE/NUCLFUS AVERAGE MINETIC PRONYCTION CRDSS SANAGE ENEAGCY CROSS
ENERCY (NEV) SECYION (RARNS) SECTION (RASNekEY)

PROTON 10,67237 « 7903310 2,0924%0
OEUTERTUM 10,87422 «SP33612¢01 « 2977209
TRITIUN 11,6269 <~ONNT24E=02 « 9110125201
NELIUN 3 14, 3487¢ +ALSATAL 02 < 1834338
HELTUN & e, 000800 «Y5R100IFy 4003103
NEUTAON 5, 135218 oo (127
40 2, 40270 1711360204
Ple 2,920817 <6927375E02
nye [ 8 .,
L8 o, o,
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TABLE B-1 (Cont.)

106 AVERAGE NUMRERS AND RINETIC ENERGIES OF PASTICLFS €SCAPING THE BACK SURFACE OF TWF TARGEY PR INCIDf T

PROTON ARE SHOWN IN THE FOLLONING TaBLE,
PARTICLE

PRANTON
NEUTRON
[4.L]

Ple

e

Mo

THE TOTAL ELECTRONIC ENCAGY LDSS CR0SS SECTION IN THE TaaGET 13
CONIRIBUTED BY ABOVE=CUTOFF LIGHT PANTICLES,

LIGHT muUCLED,

ELASTICALLYSCATTERED NUCLET, asn
INNIVIDUAL CNOSS SECTIONS FOR VNE LIGHT PARTICLES AND NUCLED AR

PARTICLE

AYERAGE NUMBER
PER PROTON

1.8%7127
LA024571€=A]
»001218RE P2
«13ARSAIE~02
..
..

AVERIGE WNINETIC FNERGY

PEX PROTON (KEYV)

021,9113
0,06453%
L59F5 709
L T182RS5

«JUOTAF IR BARNaKEY CON'IIBUIED AY SPALLATION NUCLEE,

FLECTROHIC FNERCY LOSS

CRNSS SECTION (HANNSNEY)

PROTONS AND ABOYE-CUTDFF LIGNT PARTICLEY

PROTON A, 1785)
Ple 1,025757
Ple «2NI1A9
L o,
MUe .,

LTGHT NUCLE] AND BELOW=CUTOFF PRDINNS

PROTON 8,51759)
DEUTERTUN .5%9181e
TRITJUN L116uan?
HELTuM 3 L1195320
HFLTuUM & L 8890m8s

THE TOTAL MASS FNIRGY LOSS P(R INCIDENT PROTON hyf

«S722653E~-03

MEV, TNE CONTRIBUT LONS OF THE INDIvIN:

PARIICLE

Pl
M=
My
Mig-

JI28RIE RS BARNCHEY, wiTH
o1BISTIF02 BsAN=MEy CONIRINUTED AY BFLNNeCUIDFF LICHT PARTSLIES AND
o 1OSEIC o0 NARNREY CONTRIBUIFD BY
fv CONTRIBUTFD AY slovfluu 1ANGET WUCLEL,

AYENAGE WASS ENLAGY LOSS §S ALSO GIvIN FOR THE WUONS RNO PROUNS,

AVERAGE MASS ENERGY
PER PROYTON {MEY)

«ATITAIS
1687758
.U
L

SHOWN BZLDw,

ELECTRONTIC ENFRCY LOSS

PFR PROION (MFVY3

5, 91395
L617R9SaE< U1
JATIN2TIE=0Y
.,
'

<STINAZT

Y2470 1E-u1
QU P THUAL = P2
L6028 3082
«S200621€=d)

. CH. LED PINNS AND MUONS DECA: NG NTTHIN THE TAMGEY 1S

PUOTON (MFV)
ot T3030NE=C)
«92292N¢ -4

L PARTIFLES ARE GIVEN N THF FOLLONMING TADLE
MASS ENFHGY LDSS PER
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TABLE B-I (Cont.)

THE PRODUCTION CRDSS SECTION, ANS VARTATTION TH THE PRODICIION CuDSS SFCIINON, AVERAGE KINFITC ENEARY, WMS yaRTATION
AND SKFWNESS Tw YHF WINEYIC FNERGY, AND MAXIWW AND WEINIMtin KENETIC EWENGY ARF GIVEN RELON FOR EACH
SPALLATION NUCLFUS, IN ORQFR NF DLCACARING &7 INCREASING T, (PAGE L7 @)

27
27
23
21
26
26
26
26
26
2%
25
(3
28
2%
23
2N
28
24
24
24
28
23
23
23

T PRODUCTION TROSS AMS VARFATION TN AVERAGE KINETIC 3IMS vaRTALITOM IN SKEWNESS MAXTHUN KINETTC  WINTMUN RINETIC
SECTION (MBARN) CRISEC (NBARN) ENERGY (MEV) ENCREY (wEY) ENERCY (nEY) ENERGY (HEV)
12 3,125098 1,71089% 027207 MCLATTY] 2,017801 2,010100 01797
[} ] 14,050999 2.12Mm 08 2005720 NITILH 1,91318% 3,800851 JSlane?
1] 2.792558 1,917418 RITTY] YL IV 1,5382%% 2. 709va0 Jerare
1] +05%53%8 281200 1,37515¢ MITITL ", 800000 1,429182 1. 32115
1" Iralas +55200R JSRTI9AT7 1,152338 1,193 3,574237 Jhely
12 $2,250008 .91 LAN3T8 Sm [RCIRR Y s, 230077 NILTTT)
1 30,094045 3. 808228 A20307 JA323Y7 s, 217 9, 290028 901108
18 2911848 + 950848 « 954833 JAl107 1,3754t 3, 340817 Jilale8
1] 2027400 +172787 2,500257 0, re0000 (NI 2,5002%7 2,5602%7
10 2100072 .!!!Oit 2,05179)Y 1.71%148 215122 5, 390007 «030300
1" 8, 205540 1,529510 1,220500 1.074015% 2, M8 7.3502%% JINI0e
12 83,5521 3. 00787 [ PSLRLA1] 1. 19788 2, 127120 13, 300003 JI03200
] S, 1160402 1,25200) 1,192200 1,122518 2,030002 S I JSarren
1. «35% A » 797588 2,003005 2.Mnn 1,05M77 18, 800300 050383
15 +05%3% 2281204 2,500000 2,102a28 J,500000 a,008112 L8902%6
v 027008 « 172787 1.01009) (A1) 0, 0000 1,670n0} 1,67080)
(1} 14939308 1. 190882 1,0R0120 1,2192A8 ILAYL 4,503008 JATRRN 2
1" 4,59%602 2, 792048 1,520208 1,585951 1. 90857 9, 714000 +M15e37
It 38,220079 5,01859% 1,051383 1,80381R 2, TeenN2 18, 840030 11020
[} t, 190152 « 958002 1, 811000 1,855169 1,905%8) T, 012078 J2WY IR
18 221300 +A82080 2,052001 2110107 1,272003 7.68240) RTITTY
e 37002 +303473 2.,000871 1.478358 JO2MIAT A, 710089 +75a12
L] 2,20A778 1, 883008 2, 320802 2. 8408AR 1,581y 9, 172208 JIe02e8
" 28,87701% &, 2274713 2, 101800 2,1%7487 2,213632 20, 312080 LJ2ee?
” 3, 098052 1.887004 ?,19%02) 2,2159289 2, 150a% 18,80973A 000830
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TABLE B-I {Cont.)

InE PRODUCTION CROSS SECTION, ANS VARTATION IN THF PRODJCTION CHOSS SiCUION, AVERAGE KINFYIC EMLACv, NNS vAN]ATION

AND SKEWNESS Th YHE RINECIC FNERMGY, AND MAR[wiin AND KIN(MUM KINFEIC ENENRLY ARF CIVEN RELON FOR EALH
SPALLATION NUCLFUS, 1IN ONDIR OF DECRUARING AZINCREASING 2,

PRODUCTION CANSS RMS VARTATION IN
SECTYION (MDARN)

304348
027640
2055338
«J12818
3,840573
23,45209%
«55318)
+138308
927008
21981008
172708
19,05007¢
2,3232%0
«2090102
« 209012
3. 670878
17,008017
+ 304300
1055314
+ 870388
S. 200000
LITL}E]
PRS00
18872
1,3a3002

CRSSEC (MBARN)

LY
JAT2IRT7
201282
RYTI}}]
1, 032320
252037
782570
< IBBRIE
172787
291508
R INTIY)
2.050907
1,327a80
524290
82107
1. 750487
1,354509
+« TA180%
281204
MI1LITYY
2,572050
N IYTIY)
2291561
332018
1,002e01

AVERAGE XINEYIL
ENERGY (NEV)

2,454374
11450808
e, 723470
3,381633
2.078202
2,%07482
2,02951h
1,89P859
3, 00AR70
2,523%7
2,15208%
3.500528
3.8890YS
[ YLIT L]
2,07224%
4, 328200
ater017
S,708297
19, 151801
N T0A528
0, 551928
S.128240
1,843775
6,80000

S. 79121

RMS VARJATION IN
ENERGY (KEV)

. 423430
&, 820008
3, 78tenld
2,A38010
2,890
2,882770
2,033282
?.304727
[RLLTLYY
RIITIV
2.2%1RR5
$,12n471
[ ITTY1Y
2,0aM 72
1,487008
a, 130247
3,981973
$. 70871
5.012589¢
2,915740
5,90531%
S.2007a4
72008
824781}
3.329u10

SKEMNESS

279900
8, BonDey
o, harsen
t. 251508
1, 022007
1.607000
1,298777
1,858285
S, MRAIR0

»SUARY
2,802133
1,920170
2.R70020

Y20RT0

L230178
1, 900800
2,20M120
1, 325008

+JARARNA

JAe2100
t A0 18
2, 855am1
I I Y

J115709

RILTIY

(PAGE

2¢ ¥y

MANTHMI® KINETIC

ENCAGY (MEV)
6,800718
11, 858000
15,430502
18,502208
15.581580
15, 784008
9, 118328
5,557178
3,000R78
3,878070
14,20701%
21,553052
26,180985
09,0020
8, 05208
21,5954%8
28,408020
28,0008
15. 380032
10,635038
26, 139587
26, MANATS
PN LTYYY
13, 165000
18,701481

MINIWUN KINETIC

ENERCY (WEV)
JT82892
11,054000
R JITLIT
L1H972%
N ITT32)
971153
RITILY
« 85908}
3, naner8
1,575%18
N TI191])
NTTTY T
J22004%
W« 252510
«S10000
JHS310R
RCTITYIY
+3019%8
5,3192%0
N TITNY]
JASST7e
J37020
551908
1 h22032
AN
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TABLE B-I (Cont.)

VHE PRODUCTION CROSS SECTION, RNS VARIATION IN THE PRODJCYION CROSS SECTION, AVERAGE KINCTIC ENERGCY, AMY yanfat)oM

AND SKEWNESS IN THE KINEDIC ENERGY, AND MAXTMUK AND MINTMUM KINETIC ENERGY ARE GIVEN SELOM FOR EACH
SPALLATION NUCLEUS, IN ORDER OF DECREASING A/INCREASING 7,

T PRODUCTITON CROSS QNS VARIATION IN

SECTTON (MBARN)

7,0779%8
oIt0eT2
+9551%
oPA3SEA
5,0032%
+«7193A9
«802000
25, 364009
027640
11,451878
1., 701707
870356
22,0574%
027000
10,02%797
1,659018
1646008
21,050023
oM27400
1. %2810
AS2700
a,458552
JN27800
027000

« 209892
827400
2,0197%%
927000
NI

CRSSEC (MRARN)
2.00727%
~332018
201208
»382300
2,A60016
1. 080758
601187
2.885832
172787
1.876817
1.150580
695013
0, 320085
172787
3. 819373
NIHTT]
NVt
1.50085¢
.122787
1.074215
R TIYTE
2.13582)
172787
172707
2528230
21
1.375)%0
12212
+ 302300

AVERAGE KINETIC
ENERGY (NMFV)

5,256174
8,252047
23,70082%
[N IYA5 Y]
S.Te60%2
S.107319
T.T6A3%%
5,%0204
&, 170051
s, TeM180
7.523140
A 172838
T.,19133¢
25,A5225)
8,287517
T,021048
14, 1462103
N, 25305y
S,1 2A5
1,635008
17, 9AR03)
31,283550
s, 776562
S.t55562
16,3%008
0, 850827
8, 738810
S.115070
1,755238

AMS yaRTATION IN
ENERCY (2EV)

&,567727
10,508024
s, 0u0n09
3, 200008
5.605..23
3.49112%
T, 107387
S.160228
[ UT.TY T
6,15935¢
$,52%620
T.1831027
6,083651
[LLITTT
o, 710165
1,8a137?
S, A554R5
LICGRLTT:LY
[ LELTTT
AISY?
T,7149a0
T,8R11%2
[T
[ A LTI
12,816333

9, 000080
&, 620577
s, 008080
1,591260

SKEWNESS

1,35h0A7
+993002
-, 240PAN
N3 LITT
2,021937
JAT623A
1, 1h2182
t,050070
8, r0N000
1,871178
1,000000
1,25098%
1,568208
NIILTT]
1,132208
2.32%20)
J29T5R2
2,99348
., N0PUOH
1,702784
1,549913
JA55928
Jouanee
,00ua0e

LB04ATe

JOAPERR
1,10682%
(R ITIT)

RITTLH

(PAGE 3/ &)

MAYTMYM NINETSC
ENERGY (%Fv)

23,133858
25,%78720
23, 768428
8,823378
A3, 05R30
13,500059
26,058000
10, 805272
a, 17851
39, 31895%
IS AL ]
25, 725400
48, 902740
29,057253
13,428%22
319,237832
28, 2028714
A9, h3BANA
S, 100205
(1 RYLF]}
33, 382007
32,8535
o, 776562
5,655%e2
I, 402380

9,058027
38,930270
S. 115879
5, 013023

HINIMUM MINETIC
ENERGY (mMEV)

N I1111)
« 153153
23, 700028
«b03an)
J063858
700230
02607
«B22375
8, 170953
JIv2308
JSenase
NYLITT!
J51788
25057253
+151758
JOe20
o, 180077
L02%071
S, 199288
LSe1701
1,095 08
Jheling
s, 770502
5,055582
2,802918
o, 050027
2203326
5. 115078
2,575300



1Y

27
n
27
27
26
26
2
26
2
2
2%
2¢
23
25
25
24
24
24
28
28
20
23
23
23
23

OANAGE ENERGY CQOSS SECTIONS FOR THF SPALLATION NUCLET 1M UNOFRA OF DECREASING AZINCNEASING 2,

1

12
13
14
15
1"
12
13
18
15
1L
"
1”2
13
L L]
18
[}
18
"
12
13
1"
v
tn
11t
12
]

3

DAMAGE ENIHGY CROSS
SECTION (DANN-KEV)

+ 2002718
1.a78088
o JSIA2AN
SV TA5ATE-02
1231 325E-01
0, 316055
3.598748
21168508
o 1003727E=0)
L18143R3Ea0]
oS116251
0, 07130
+0830028
RIS T T
+10169R2
« 156201 3€-92
01369202
1.168178
4, 503093
S181273A
«6313182
01822120508y
J2028708
3. 704123
0326840
o T651759E.03
BITITTIT N

TABLE B-I (Cont.)

23
22
2?2
22
22
22
22
22
21
28
21
21
21
23
20
20
20
N
19
1
1
1e
1e
18
1a

2

13

12
[} )

DAYMAGE FNFRGY CHNSS
SECTION (namN=REY)

M LYRLTTY RN I
I LTY
« 1554707 =02
JANBS2{Fany
o TUd6bAS
3,180930
« 715532008 =01
2615263
oAS2a950¢-01
« VINAME-82
+AV1aRMNE-)
2.583074
R TTTTINY
« 3625500¢ =0}
2 208A5A2E =N
8278760
2,08%5380
» 39406SAEu)
«STZA3NE
«SII29%1AFN
JSAARAST
+ 80854840
o 9297490k 02
«1RISHINE-01
1880558

«b202a70E-0Y

1

\O‘J‘.ﬂﬂ.‘ﬂ..ﬁ.’ﬂ.’h‘..ﬂ'ﬂ

(PACE 1/
DAMAGE ENFRGY CAROSS
SECTION (MARN=KEY)
JTeRa312
NILITAYI 8 ]
52275038~ 82
«TOTRA12F-82
ROTLLT
<1578850E-0)
» 37009800001
2,%2%0m0
+2050605E-02
218013

< 1560700
325070080}
1, 719700
25760152202
NYITTITY
1176308
RIIEYINT)
1, 250730

« IN30352¢02
1090332
RO
+2000098
J1108221E002
«5000753E.N3
+3873508E02

23117000





