t
|

o

A




SECURITY CLASSIFICATION OF Tris PAGE rWhen Dalta Entered)

REPORT DOCUMENTATION PAGE oD NETRUCTIONS

1. REMAART HUMBER 2, GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER

NRL Memorandum Report 4731

A, TITLE (snd Subflile) S. TYPE OF REPORT & PERIOD COVERED
Interim report on a continuing

RECOIL DISTRIBUTIONS IN SOME PROTON NRL problem.

REACTIONS & PEAFOAMING ONG. REPGAT HUMBER

7. AUTHOR(s) % CONTRACT OR GNANT NUWBER!S)

d. B, Langworthy

:Nu;;oanuo onﬁAﬁu lbnlout;ms AND ADDRCSS 10, FACGRAN ELEMENT FNCIECT. TASK

av esearc aporatory
Washington, DC 203756 62712N; 66-1279-A-2
V1. CONTROLLING OFFICE NAME AND ADDRESS 2. REPGRT DATE

January 29, 1982
13, NUMBER OF PAGES
18
14 MONITORING AGENCY NAME & ADDRESS(If diifereni irom Coniroliing Oifice) 18, SECURITY CL.ASS, [of this repart)
UNCLASSIFIED

184, DECLASSIFICATION/DOWNGRADING
SCHEOULE

vtk ar

16. DISTRIBUTION STATEMENT (of this Raport)

Approved for public release; distribution unlimited.

17. OISTRIBUTION STATEMENT (of the abetract entered in Block 20, |1 diflsesnt (rom Report)

18, SUPPLEMENTARY NOTES

19, KEY WOROS (Continue on reverss side |{ necesaary and Identily by block number)

Nuclear reaction Recoil distribution
§ oton reaction Soft upset
) ?ergy distribution

. IQJISTRACT (Centinue on reveras side |{ nucessary end Ideniify by block nusiber) . \
The distributions of recoil products from the two most important double decays of 3
silicon exicted by proton absorption are calculated by analytical and numerical methods.
The nuclear reactions treated are Si(p,pa) and Si(p,2p) and it is assumed the decays are by
evaporation. Conversion of the results to distributions of dose is discussecd. The latter ¥
distributions are of interest in the soft upset of satellite electronic memories.

i

DD "50%; 1473  eoimion oF 1 Nov 83 15 cmsaLETE &
S/M 0102-014-6601 -

SECURITY CLASSIFICATION OF THIS PAG!?"':M Dats Encersd)




RECOIL DISTRIBUTIONS IN SOME PROTON REACTIONS

Single event upget in electronic nemory devices has caused a great deal
of concern in the last two or three vyears. 1 One partiéular area of
concern is upset produced in memories on board spacecraft which operate in
the earth's radiation belts. Recent NRL calculations have shown:Z that

upset rates can be very high in spacecraft memories. Though protons do not

deposit energy sufficiently fast to produce upsets directly, scme of their
secondary products are sufficiently heavy and energetic to do so and occur
with sufficient £frequency to contrlbute to observed rates. This paper
calculates the c¢nergy distribution of' the recoil nuclei from the two most
important proton induced reactions, Si(p,pa)}Mg and Si(p,2p)Al. The dose
density from the recoil is easily obtained from this and is briefly
discussed. It is assumed for each case that the two light products are
emitted esgentially simultaneougly so that the recoil velocities for both

steps of the two step decay are calculated using the mass of the residual

\

nucleus.
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An excited nucleus with velocity 36 decays first with a recoil
\ ,

lg{ velocity distribution, Dl(vl)' gspherical relative to 30, and again

N .
with Dz(vz), also gpherical relative to v,. In order to calculate the

1

dlstribution of the energy deposited by the recoil, it is firat necessary to
-

obtain the combined distribution of the two gteps in the Zrame of Vit

]
Assuming the decay: are by evaporationJ

Di(Ei) = CL(Ei-Bi)e , 1=1,2, E > 1B (1)

where Bi and ti are reaction constants and ci ls determined by

~

1=_/ dE D (E). (2)
1

The energy parameter 1s center of mass reaction energy so

1 2
Bl =My
M 5 24
R M M(__Mc)
[y + = = o = ¢
moT g, (Mgt M =M, LM r M T m?ans (3
i P
Carryirg out the normalization, one obtains
1
B, ./t
¢, =t ter 1 (4) ,




Since it is our intention to apply the vector convolution theorem in
4
valocity space it is Ffirst necessary to change the given distributions

from energy densitiaes to velocity space denaities.s From (2)
1 = me(v)vdv
= (41r)"]‘m'/-vm1 D(v)d3v. (5)
Thus to convert D to a velocity space density one writes

D'(v) = (47v) 'm D(v). (6)

Assuming no correlation between Dl and 02 , the combined distribution is
- - -
given as a function of u = vy ot v, in the same frame as vy by the

convolution theorem.

i e ~2 -l -1 > > 2.3 3
D'{u)=(4 m mlm2 vy v2 Dl(vl)DZ(vz)G(u vy vz)d vld v2

- -2 -1 -1 3 L

= (4m) “mym, val v," Dy (vyID (v )V, vy= | u vl| ,

= (4m~%m.m. [ o.D “1 av.au a¢
1M2f P172 V1¥a 19M1%

= (8m) " mom. [p.p. v,vol dv.du (7)
1™2 ] 172 V1V2 19Hyr

where ul = cos 8 1 Note that v, = 0 does not occur, Since




2 2
V2 =4 - 2uvlul + Ve
the entire Hy dependence is in v, D_. Also one

holding u and v, fixed,

1
vzdv2 = --uvldul

-1
v2 du

-1
1= -(uvl) dvz.

+
As “1 goes from =1 to 1, v, goes from v = u+v, to

For the ul integral then one has

(8)

has from (8),

(2)

l V-
-1 - -1
fv2 DydH) = =(uv,) szdvz
- v+
v-
- = 2.-1 L - -(=m.,v =-B_ )/t
(uv, £2) f (5 myvoeBde” 2 "27 T2 Fay
vt
w—
B./t 2
SR S J[ 2 w
= (uvl} (2) (tzmz) e (w —Bz/tz)e Aw
fﬂ+
W= W
B, /t 2 2
-1 -} 2772 -w -w
(uvl) (2t2m2) e we + (ZBz/tz-l) e aw
w+ W
w—
B,./t 2
. -1 =5 F2r 2 -w 1, %
= (uvl) (2t2m2) e we + 3 (m) (282/t2 Lerf(w) « (10)
w+
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The point u = 0 will not be a problem after changing back to energy density

below. Since there is no remaining angular dependence, D'(J) = D'(u) and,

-]

m m 2 B_/t
2

1 2 2
D! T e | e \
(W) = 5 2, dvy D) (4 IF(Y))
m
where
w 1y "
F(vy) = |we +E‘")2 (2B2/t2-1)erf(w)
w~6-
and
" ) .
W= _2 2(u+v Y, w = Max "2 \® ] | °2 \*
2t 1 ' ) YMilAe
2 2t, 1 t,
with
_ 5
Vi = (ZBl/ml) . (11)

)

For the reactions of interest B, > B, and B,/m, > B,/m; so the

lower limit for v, includes that for Vye Also in evaluating (11),

1
whenever (Bz/tz)2 > w+, F, and +thus the integrand, vanish at this

particular vy

Of course at this point one has only the spherical distribution relative

to ;o' This is a convenient point at which to check normalization. One

requires

1 =fD'(u)d3u
- 41rM"1fD'(E)udE
R (12)

so a simple check is just a sum over




/

L b (13)

D(u) = 4muM_
on a grid linear in energy.

In the numerical evaluation it was convenient to program Dl and F as
statement functions. The error function (exrf) is a single precision library
function and ought to be fairly fast. Still each call of F is xroughly
equivalent to the evaluation of two one-dimensional integrals. Use of

Simpson rule is made so one loop for evaluation and one for integration was

written to allow printing one complete integrand for error checking.
Another convenient error check was to require the sign of F(vl) to be

positive. The constants are Bl = 2.4, B2 = 4.6, tl = tz = 2.45 in

MeV. Units of the Di are MeV-l so writing the masses in MeV gives the

valocities in units of light velocity, c. Since the integral is in velocity
and the normalization check is in energy, the corresponding loops are on
different grids designed to evaluate overlapping regions in Dl(vl) and
D'(u)s Thus it was convenient to begin each loop with a unitless energy

scale using B1 as the unit. Then, for example, if a range in E(u) from 0

to 10 (10 B, MeV) gives an adequate evaluation of D, the appropriate

1 1

3
range for Vl/vm would be 1 to 10 ?. While in principle there is a

serious complication of upper limits required by numerical evaluation, this
is ignorable in practice becauge of the property of these distributions in
having compact support. Thus any accuracy desired within computer precision

may be attained simply by extending the upper limits gsufficiently.

The program RECOIL (listad in the Appendix) has been written, the first

half performing the preceding calculations, and the results from this part




are given in Tables I and II. Upper limits for the unitless enargy grids
were 49 for (p,pa) and 36 for (p,2p), corresponding to evaporation energies
of 1l17.6 and B86.4 MeV. For comparison the peak of the evaporation
distribution ig at Bi+ti' or 7.05 and 4.85 MeV, respactlvely. The

overall sums obtained were 0.996 and 0.989, respectively. It may be ageen

below that extending the energy range decreases this error sgstill.

Consider now the trangformation of these distributions to the frame of

g
vo. Agsume absgorption of a 30 MeV proton in the initial excitation,

forming a compound nucleus. One has

My =My
PP Q
%Mpv; = % Mcvg + Ex (14)
and obtainsg for the excitation energy
M
E =(1-=2)r, 7=% (15)
b4 Mc 2 PP

E Taking M, = M( 285i+p) one ob. .Lns Ex = 28.96 MeV, Ec =
2
: %— Mcvg = 1.04, vo = 0.008945¢c. Thus the transformation is in

part accomplished by the gubstitution

u2 = v2 - 2vv cos® + v2, (16)
o o




SPHERICAL ENERGY

ENERGY
VeGuUUO
GeU967
01935
002902
0.3869
0.4836
0.5804
Qeb6771
0.,7738
0.8706
0.9673
1.064y
11647
l.251758
le3542
le4599
la5477

GVERALL SUM

DISTRIY.
Q.00uluu
Ue b2B580L
UaU92224
Lel173525
Ved$6162
be302075
06343079
LUesT2533
0e393493
(e40836¢
Ve 418801
Ve%26263
Ve®3L5u9
Ue 635221
Ve®37758
Ve%38514
Ve#36139

Table [

PRKOGRAM RECOIL ON (P,PA)

DISTRIBUTION CPER MEV)

Le6444
la7411
le.8378
129346
240313
241280
Lel247
243215
2+4182
245149
Ce61LLT
2eTUl4
248051
2-9v18
209986
3.0953
3.192¢

U09963U?'

0e429517
Dabl8171
Vetl2229
0.38228¢4
Ve359190
00333924
Ve3d0T7411
Ve 280503
02253905
0228177
V. 2U37390
ValBUB44
04159683
0.140330
0.122791
belV7026
0.092954

3.2888
343855
3.4822
35789
367517
37724
368691
3.9659
440626
401593
42560
443528
404495
4.5462
446430
4.7397

0.08U%Ty
Va0 69455
.059784
0.0513314
0.043968
0.03758)
belU32056
Dell2T7292
0.b23196
Uel 19682
PeU 16673
0.014104
VelLl1916
Gl 10053
0.008471
0.007129




Table 11

PROGRAM RECOIL ON (Py2P)

SPHERICAL ENERGY DISTRIBUTION (PER MEV)
ENERGY DISTRIB.

0aUU0U UsU0WLUL Le0T797 00288428 2elhbl YUG32B5
VaD432 Ue923879 L1228 0247258 261593 G4002670
D.UB64 Le042541 Lei666 Ue211004 202025 UL0L2168
0.1727 1.093790 1+252% UL1517565 <el889 LLU0L427
0e2159 1.099337 Le2956 0D6128uh5 243321 VeUOLLSO
025921 lelGLé6B1 13388 00107606 203752 0UOU93S ‘
0.3u23 16102745 13820 U.w9uilbe 2e418% 0000757 ;f
03455 14103173 Le4251 D40UT5367 2+%616 0.00N6L12 P
03887 la103055 La%683 VeV62821 2¢5048 V000494 o
Dae31l9 1099393 145115 04052236 245480 0000399
Gad750 LaDBT444 La554T YeU43337 2.5912 GalUU322
05182 1.663878 «25979 Q.035878 246344 Y,000259
045604 lec?549 le64l1 Del29644 246775 0000209
Qebuhé 04979225 Le6843 Qau24440 2.7207 0.0UQ LGS
C.6478 U,920916 17274 0LU20128 247639 U4LOUL3S
06910 H.855260 Le7706 0416544 28071 Q.00ULD9
A Ge7342 0785046 L8438 Yeul3578 Ce8503 0U0O0ULEGH
A2 067774 04712890 LeB8STU Vawllle? 248935 ULLOLOYD
i 0482U5 Ueb4lU44 . 1e9WU2 04009107 249367 V.O0WUSG
%, 08637 We5TL315 169434 UaLGT444 209798 U00U045
%f De9u59 0505061 1.9866 DeLOGOTT 3eU230 L.VO0036
1 Ue95ul LW%43215 2.0298 0.0U4955 3,U662 LJULLD2Y9
09933 Ve 386352 240729 9.0040U36 3.1U94 0000023
103565 Ue334las

OVERALL SUM (988986




-+ EY
redefining O as the angle between vo and v. Similarly defining GJ, as

-+ -
the angle betwec: v, and u, one notes that (13) nas the form

JN
D(u) B smtm—— (]_7)
dEldﬂl

where d Ql = 4 Wy 4 ¢l’ even though it lacks Ql dependence. The

tranformation is tharefore completed by the Jacobian.

3 2
an_ _ ) an (18)
dEdA  3(E, D) dEldQl
1
e v 2 ) 1)
2(E,%)  u E,

Calculations of this transformation to the lab have been added to RECNDIL,
forming the second half. In addition lab golid angle df is averaged to
obtain dN/dE. Further the norm and average energy are obtained. The
resulting distributions are in Tables III and IV and PFigure 1. These tables
show peaks near 1.35 and 0.97 MeV and average energies of 2.55 and 1l.55 MeV

for (p,pa) and (p,2p) respectively.

Now notice that from (18) one easily obtains an energy deposition

distribution, given the recoil energy loss dE/dx,

aN  _ AE _aN

dxdq dx dEdQ
If one assumes constant energy loss (a crude approximation) and sets dE/dx
= €, then one recognizes that the multiplication of (18) by a constant is

removed by renormalization. One then wviews (20) as nothing but a unit

10
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Table III

PROGRAM RoLUIL ON (P,PA)

SPHERICAL ENERGY DISTRIDUTIING .
PUINTSS dtul ©MAXS 9.67c8 DUCMAX)E veblulul

NOKRM2

L 9998538

LAB ENERLY DIaTWIBUILIUN C(PER MuV)

ENERGY ULSTRIu.
WSV R VPY VI VIVIVIVRY el welub2ll 5e%
veld Lal3ubb¢ Zeb Ve lY9989 S5e5
Led hlli:dbg 409 UOL94539 546
Led Ve L9TW3 kY ve LBHYHE2 9.7
vab U021L651 J.i U.L33269 5.8
Ceb Vedd laus Ja¢ Jel77499 569
LeO 0022?709 3.3 00171U49 Ged
Jal wecschdd 3.4 uwel6b578u bael
LeB  Dec34B60 3¢5 ULal59883 Yy
ve v-é2b755 5«0 UGLSJ‘}BO 63
led  wec3BV5V 3e7 Lel48UYL bet
lel JO£58933 J. 4 Vel42218 045
led vew396.3 3.9 Val36371 66
les Cec3959% 4o ve LIUSSS 6.7
Vel Le239563 4,1 Vel24777 Ged
Le5 veldYsLI4h 442 Veli9Vai 6e9
Le0 velislel Yo vellaonhy Tev
Lol ue237857 4e% VelLTTu6 7el
ie8 vec3B515 “eY velVeily Te2
la9 vec3aFhc 440 Uev9058, Ted
dau Vedd2il. 4ol veudLildy Te4
ded Vedde Le4 4 a8 VeuB85T54 T.5
ced UYeldbd993 49 JesBu4B4 Te6
2ed yel2l2i440 Sew  Meu 75342 (%}
e Jeslldill del U.UT‘BZB 7.8
FEY) Lell4357 5ed Vevb54l7 79
(el 0.2‘V2~2 9e3 UQ&OVTgb 8ev
LAB NORM? 9.94:59E-ul EAVES <ehddV

vew 50290
Vel dZULY
LeU4T79,8
UQU44U43
UOQ4U391
ved 36956
Vel 3oT32
veb3LT32
Vewl7945
veU25345
Vel 24955
vel2uTb5
Veb 48728
vey 16858
0-015186
93013638
vel 122l
VeU LU 944
Ve 9793
veOBTST
veVOTTG2
Vel U946
JeuQ6LT7
Veu544d7
JeWyU4373
veL4 4
Vewu3824

g

RENEPNSHI




Table IV

PROGRAM RECOIL ON (Py2P)

SPHERICAL ENERGY DISTRIRUTION:

POINTS:

129

EMaAX:

5.5278

LAB ENERGY DISTRIAUTION (PER

ENERGY DISTRINS

P it s et et e = OO OO COOOOD

CWMAPAWNF OOV AWNSO

LAS NORM:

0.000000
06157603
0.231623
0.2874849
0.3346130
0.374476
0.407510
0.4311137
0.439071
0e442378
Neb442665
0441257
0.438627
0.431510
O0.4125549
0.393624
0.373189

9.85881E£-01

WWWWhNMRONNNONMNONNNN -
WRNROOCE@D=uGWVPWN OO M-

EAVE:

DUCENAX)?

MEV)

0.352809
0.332330
0.312182
0.292375
04272955
0.253928
0.235322
0.217077
0199204
0.181680
0164526
0.147774
0.131577
0.116076
0.101432
0.087793
0.075273

1.5531

12

0.000000

VP 2P PP PIIDIPVLDWLWW

NORM:

CLCXNITVNIrWUNFROLDODNONMS

0.063937
0.053826
0.044920
0.037175%
0.030526

0.024877

0.020127
0.016164
0.012897
0.010234
0.008075
0.006328
0.004927
0.003831
0.002959
0.002266
0.001739

0.988984
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change and accepts the numerical disgtribution (18) as giving the
distribution per E—l Mm, the distance in which 1 MeV is lost. Instead of
assuming constant energy loss one may utilize the code E-DEP-l6 to include
straggling effecta. A minor change will be required however since the
enargy~deposited report of E-DEP-]1 does not include ionization loss, a
significant part of dose. In making this change it will be permissible to
ignore radiation loss, a few percent effaect. Short of using E-DEP-1 but

batter than assuming constant dE/dx, one can find expressions giving the

variation.

In fact € = 1 MeV/Um is only about twenty percent low when averaged over
the first few lm. Thus the implication of Figure 1 is that significant

energy, deposited in a spherical region of radius 3 to 4 um, should be added

to that previcusly considered.
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0001

0002
0003
0004
0005
0006

0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0011
0032
0033
0034
0035
00136
0037
00134
0039
0040
0041
0042
0043
0044
0044
0046
0047

C

SOURCE LISTING

APPENDIX

ASC FAST FORTRAN CONMPILER

STATEMENT CP OPTIONS = (MyX)

PROGRAN RECOTL

SET UP FAR SICP.P ALPHA). FOR (P,2P) SET B2=B1, MA=MP & CHANGF MR

C TRANSFORNMATION NOF SPHERICAL OISTRIBUTION TO LAB ADDED

61

TMPLICIT REAL(M)

DINENSION SGC241)Yy0UCB2)4EUCB2),0V(68)9EVCHE)
OLMENSION DV2C22)0EV2C22):0V3C22),EV3C22)
EQUIVALENGE (DV2+DVC23))eC(EV24EV(23))5sCDVI,DV(45))9(EVIEV(45))
DATA MCoMPoMA,MR/931.5016:9384.2796,4.0026923.985047,R1,82,7
8724904260285/ 067107 9870079129 J19K17825261966/MT/27.97693/
ELCV)=(VeyrML=B] )#RT
DICV)I=RTaEL(VISEXP(~FL1(Y))
FUCV)=VEEXP(~VaV)+F(HERF(VY)

J2=Jl1-1

NV1=B./FLOAT(CJ2)

MA=MA®MC

MR=MReM(

MO=Q JS52(MRIMP) /MNP

Ml=MO¥MR

M2=MRe(MR+EMAIE0 .5/ MA

Rl"—'l.O/T

VU=SQRT(M2&RT)

F=MO»VWsEXPC(B2RT)

P4=ATANC1.0)

FC=(2.,0#82%RT-1.0)*SQRT(P4)

VU=SQRT(B1/M1)

$1=22.90V1ieVU/3.

VT=SQRY(B2#*RT)

PRINT 61

FORMATC® PROGRAM RECOIL ON (PsPA)°)

DUC1)=0.

EUC1)=0.

D0 1 K=2,11

U=SQRY(DFs(I~1))svU

EUCI)=0.5«MReUxY

DO 2 J=ledl

V1=VUs{1.0+0V1%(J~-1))

$6CJ)=0.

VP=(VLi+U) sVl

IFCVP LELVT) GOTO 2

VM=ARS(VI-U)eVY

IFCVRLTLVT) VYM=VT

SGCJII)=FHCVMI=-FU(VP)

IFCSGCJI)eGT=1E-6) GOTO 8

PRINT 699SGCJddeVisUedyl

FORMATC® #ssNEGATIVE INTEGRANDsV19oUpJeI2"s1P3EL1.29214)
SGCJI=Fs01(V1I*5GCY)

CONTINUE

§$=0.52(S$GCJL)-5G(1))

DO & J=2+9J292

§=542.,56(J)¢+5G(J-1)

)




CSN

0044
0049
0G50
0041
0052

0053
0054
0055
0056
0057
0058
0059
00A0
00h1
0062
0043
0064
0065
0066
00617
0064
0069
0070
0071
0072
0073
0074
0675
0076
0677
a078

0079
0080
0081
00R2
0083
0084
0085
NGBS
0gRY
DORY
0049
0090

1

62

14

15

11
10

64

65

20

66

STATEMENT CP OPTIONS = (MeX)

DUCL)=S#51
A=A+DUCT)
A=AsENUC2)
PRINT 62s11sEUCIL)0UCIL) A
FARMATC//” SPHERICAL ENERGY DlSTQ[BUTIUN"I' POINTS2 s 14,
" EMAXNI" FT.4s° DUCEMAX) 2°sF 9.6y NORMZ “9yF9,.6)
NT=MT4MC
ME~MDENT
EP=30.¢KP/MEMNR/ME
Ev(1)=0.
0vV(1)=0.
NI 10 K=2,Kl1
EVCK)=0e1%(K=1)
€222 ,0¢SQRTCEVCK)I*EP)D
$=0.
NG 11 J=1,100
10=1
My=1,0-C(2%J~1)/100.
EO0=EV(KI+EP~T2eNU
F12SQRTCEV(KIZED)
DO 14 I=10,11
[FCEQ.LTLEUCI)) 6GOTO L5
CONTINUE
GOTO 16
10=1~1
0= DU(lO)O(DU(I)~DU(IO))t(EO—EU(ID))/(EU(I)—EU(IO))
$=S+DsF1
CONTINUE
OV(K)=S%0.01
CONTINUE
PRINT G4
FORMATC///77 LAR ENERGY DIST&IBUY[GN (PER NEY) °»
«r7° ENERGY DISTRIB."
PRINT 654 CEVC(K)sDVCKD, EVZ(K)oDVZ(K)oEV3(K).DV3(K).K=1.22)
FORMAT(ICF10.1sF10.6))
$=0.
A"Oo
D8 20 K=1,K1
$=S+NV(K)
=A+CEVCNDI+0.05)+0V(K)D
A=A/S
$=SsEV(2)
PRINT 669SeA
FORMATCZ/” LAB NORMZ®,1PEL3.5+" EAVEL?,0PFT.4)
END
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