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ANALYTIC AND EXPERIMENTAL DECAY HEAT DETERMINATIONS

OF 800-MeV PROTON IRRADIATED ALUMINUM

by

L. N. Kmetyk <rfnd W. F . Sommer
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A/BSTRACT

Postirradiation radiochemjstry analysis of 800-MeV proton ir-
radiated ultrahigh purity aluminum has been done with standard
gamma-ray counting equipment determining the Na^^ 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 t'he activity of materials under arbi-
trary irradiation, provided t/hat the source terms for the various
radionuclides produced are known. The required production cross
sections have been calculated by using the nucleon-meson transport
code NMTC to determine the nyclear reactions produced by the pro-
tons, and the theory of Lindl̂ ard et al. to evaluate the resultant
damage energy deposited in tl;>e target.



I. INTRODUCTION

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. The results of

postirradiation radiochemistry analysis of 800-MeV proton irradia-
2

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

N a " in aluminum and a calculated damage energy cross section '

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. In

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

CINDER ' 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

radioactive 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 damage^ 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 NMTC10 incorporates

Bertini's intranuclear cascade-nuclear evaporation code 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, H^, H^, He^, and He1); no nuclei more massive than He^ 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. In 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 informa-

tion generated by NMTC, as shown in the listing of results for

800-MeV proton irradiated aluminum in Appendix B. These produc-

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

late target activity and decay heat.



IV. RESULTS

A 5-|A 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 Na^2

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 10^9 p/cm^ 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 tor

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 uA => 1.7724

11.5 0

3 5 |A => 2.5321 1013

6.5 0

5.5 6 nA => 3.0385 10*3

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 a t o m s 456.6 mCi/g
s - crâ

11.5 1.917 108 atoms 1.92 mCi/g
s - cm-*

3 6.470 10 1 0 atoms 647.6 mCi/g
s - cm3

6.5 2.613 108 a t o m s 2.62 mCi/g
s - cm^

5.5 7.821 I0 1 0 atoms 782.9 mCi/g
s - cm^

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/g /13.6 mb \ =1.75 mCi/g.
\23.65 mb /

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.
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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 modelled:

Group Content

1 betas

2 positrons

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



TABLE A-1

CINDER-7 INPUT FOR 800-MeV PROTON IRRADIATED ALUMINUM

LISTING

• •••
• •*•
••••

• *•»

• ••*
*•*«
*•*•

•*«•
••*•
• •••

• •••

••••
• •*•
• •••

• •••

••••
• •••

• •••
•••*
•••*
••••

****
••••

****

•*••
••••

****
••*•
••••
«•••

•**•

•••»
•*••

OF IN»UT DAT*
7 RU

103001. 1.0.I.0.0,3.9.0.9.3.3,0
2u0091, 312..3.3.9.0.0.0.1.0.1.
20J002* 276..0.D.B.3.0.9.1.0.0.0.1.0
2O0CO3* •»..0.0»3.''t'».

»T E«» *07

1 ,n

JOOOOS. 11?..D.T.0.9.0.
200006, 5*72.,0.9.?.9.0.9.1.0.0.0.1.0
• F'JEt C»H9^
11US101 »*L-27, 6. 3»-».1.

I03O09.O01D1
100000,1
• »«27 OE1:
1230101.1G-27. .21635-3,1.?

1200102, *L-27.-i.0-»-», 1.3-1 J.
92w0102,/10/0.0

9200201«/10/0.0
830211,0.032246<>
12i)03Cl,SI-27,0.'),.l'.?O?.«,l,>

12J0302.AL-27.6.0?-' .1 .9-15,1.1
0200302,/10/0.0
800311,6.«l-3,0>3

<?:• G0<>01.3.211.0.T./*'0.9,1.(><.. /I/O.3

• ) - • * • > • 1 , 1

1200601 PAI-26»0.0 .» .<»<«I»-V«. I . »
92bO6Ol,0.0t . I ^ i t f . i , ,*%«1'«0.0«
120C602,1G-26,0.9,1.3-30.1.1
92GG6C?,/10/0.0
800611,.06907,0.0

9200*02,/10/0.0
900<.ll,i.985-<.,0.9
1200501»"G-24.O.1»\

/1C/0.0

920C701.0.0.1.2619,O.O.l.D',/6/3.0

92C07C2.G.0,l.C?33,3.3,l.0»,/6/0.0
1200703,HG-24,0.0.1.9-39.1,1
9200703,/13/0.0
800711,2.0955*5-3.'J/0.0
• 4-25 9EC*¥ CHItS^
120OtOl.N»-25,0.0..011^1,1,2
9200301.1.2637,9.0..05*6.0.0..22*2.3.0..0966./3/0.0
12OOSO2,'«6-25»0.0.1.()-?3,l.l
9200S02./10/0.0
809^11,9.652»l-».9.0
1200901.«S-25,0.9.1.3-30.1.1
9200901,/10/0.0
800911*.0953571?
1231001, *L-25»0.9.. O?'.?1', 1,2

12J100?,«5-25,0.3,1.9-19.1,1
9231002./10/0.0
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TABLE A-I (Cont.)

• »•*
••••

901011,1.1953-2.!».!>
1201101, S 1-25.0."). 3.

• *••
••••

••••
••••
• *••
••••
•*•*

*•••
••••

••••
•••*
••••
*•••

• •**
• •••
• > • • •

••••

••••
•••*
• *••

• ••*
**••
»•••
*•**
•**•
••••
••••
*•••
• **•
••••
••••
•*•*

•••*
*••*

••*•

•»••

.1
9231102,/10/0.0
3311U»S.2*5-4,3.3
• A«24 DEC»V CM4IM*
12b 1201 »NE-24»0.1.3.*l7««M-3.l,»

7.0.0..*»4»<).0..071*./I"0.3

, o.i,
1201203.«S-2*.O.4«1.1-™«1«1
9231203,/10/0.0
901211, 2.4016646-3, /?/3. 3
1201301»M»-24»0.1.1.?*3*0«9-*.I,?
9231301».459*,0.1./"0.%1.349,
12(/l302,1S-»*f 0.9.1.»»-?1«l« 1
9201302,/lC/O.O
^C1311,.022.0.0
1201401, HS-2*,C.n.i .«>.« 3 , 1 , 1
<)201401. / 10 /0 .0
601*11..07854

1201502,"1J-2 4, O.O.I.0-3?.1.1
9?01502,/10/0.0
901511,Z.53462-'.9.9

1201*C1»NE-23.0.9.. 3t «?*•>•% 1,!
4231401,1.4,0.0..1*5./3/3.3,.01474,/3/0.0
12J1402.N4-23.0.0.1.?-»?.l.t
9201602./10/0.0

12ulT(. 1.NA-? 3,C.
9231701,/10/0.0
831711..064278

9201301 ,0 .C1 . 6 * > . 1 * 9 * t l . T * , ' 4 / 0 . 0

920130?, /10/0.0
801911, 7.107648--?. !>. 1
* *«22 0EC4V
1201901 .F-?2 ,0 .3 , .

120H02, Nf-2»,0.",1.IJ-'»0.1.1
9231902,/10/0.0
801911,7.42-4.0.9
1202301.NE-22.CO,1.3-33,1.1
92J2301./1C/C.0
302011,1.2946-2
1202101. N*-22,0.13,«.4***H-<»»l,»
9202101,0.0, .546. 0.0. ."»19*. 0.0, 1.27?, i 4/3.3
12021C2.«ie-2»,0.9.t.!)-'»3,l.l
9202102,/10/0.0
A321li,;.42B44-?.1.n
• *"21 0EC4V C
1202201.F-2I.0.0.
9202201,1.72 2, 0.9,.™*?*r?/0.0,.l49?6,.0t 4./*/0.0

9202202,/10/U.O
802211,1.'7B04-3.0.9
1202301.SE-21,0.0,1.0-30.1.1
9202301,/10/C.O
802311,.045581
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TABLE A-I (Cont.)

• •••
*•••
• «»•

••••

• **•

••••
*•••

• •••

• *••
••»•
•*•*
*•••
••*•

»•••
• **•
• *••
••*•
••••
••••

• •*•
****
**«•
•*•*

»•*•
••••
••»»

••••
•••*
»•••
• «••
• ••«

• •••

*••*
• ••«
•«*•
****
«•»•

****

••••

«•••
•*•*

1>02491.»U-21,0.'>..01011<».1.2
9232401,0.0..829,•.09-1,1.12,/6f0.3
1202402, NE-U.O.% I.9-19.'..1
9202402./10/0.0
802411*9.132-1.1*9
• *»20 DEC** C««T1S
1202961*0-20.0.9..04*9.1.?
9202531..9075./*'0.0.1.06. >4,'0.f>
1Z02SO?*F-20,0.9..9&1,1>?
9202502. 1. 7*53./VJ.9.1.41./3 0.0
12.)2503,NE-»0. 0.9.1.0-19.1.1
9202503,/10/0.0
802511.9.71512-4./>/0.0
12b2401*c-23.3.9..941.l.»
923Z6l;l*1.78S3./9/1.'ltl.M./1/G.9
120?602.NE-20.0.t.t.3-10.1.1
9202402. MO/0.0
802611.8.4453-3.0.9
1'02701.NE-2G.C.3.1.9-10.1.1

902711,.31924
• A«19 DEC**
1202*01.0-19.3.1..0?19.1.»

l»02?02»F-19, i). 9.1.9-19.1.1
9202JC2./10/0.0
802811.1.079522-1.O.^
1202901. F-19.0. 9.1.3--»e. T.I
9?02?01./10/0.0
902911,.91193&6
l?03001.NE-19,0.9 .im»l,?
9203301,0.0. .74«0.9>1.92»rS/9.0
1203002.1-19,0.0.1.1-10.1.1
9203002./10/0.0
903011.1.5?*-!.?.9
• »«1S DeCAr CHAINS
1203101.N-18,0.3.1.1.1.?
9203101.3.102. /«'-).9..««H. 0.0.2.9519.1.01»T./?/C,0
1203102.0-19,0.9.1.3-19,1.1
9203102./10/0.0
903111.2.54-4.0.9
1233201.3-19.0.0.1.9-30.1.1
9203201./10/0.0
503211.3.176445-*
1231301, F-19.0.9.l.W»»*-*.l.»
9203301 !>0.0,.>0-t?61<.0.0.. 1994, /6/3.0
1203302,0-18,0.9.1.3-10.1st
9203302. no/0.0
303111,.0162447.').')

9203401.0.0 , l . lD49T6,g.9 .1 .0**0.3 . .OT?«,f4'0 .0
1203402.F-19,0 .0 . l .950»?l-4 ,1 .2
9203402.0.0».20"*!9»0.0..»894./6f>.0
1203403,0-ie.0.9.1.3-36*1.1
9203433,/10/0.0
803411*2.S4-4»/?'0.0
• »«17 DEC** rMirm
1 2 0 3 5 0 1 . S - 1 7 . 0 . 0 . . 0 1 6 7 ? * . 1 , 2
9203501,1. 4*0.0./VO.')..'>»Sl»/?/9. 9*. 01099. /»/9.*»
1203502,0-17,0.9,1.9-33,1.1
9203502,/10/0.0
803511,1.90504-4.0.9
12036C1.1-17.C.9.1.0-30.1.1
9203401,/lO/O.0
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APPENDIX B

PRODUCTION CROSS SECTION AND DAMAGE

ENERGY CALCULATIONS FOR 800-MeV PROTON

IRRADIATED ALUMINUM

The results of the NMTC calculation described in Sec. Ill

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
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