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Protou production cross sectons for '*Be, *Al, 7Be uud 22Nu produced by protons ln siticon
dioxide (fe xygoen) aud silicou targets over a wide proton energy range, 25 - 500 MoV, have
been meusured uslug secelerator s spectiometty of nonsdestuctive Y=ry spectroscopy. These
aross sectlons wrs huportant for hiterpreting icasuretients ot the concenteation of these nuclides

mude in oxtraterrestrial muterisls by costic tuys.
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1. Introduction

Cosic rays penetrate the lunar surface and interact with the lunar rocks to produce both
radionuclides and stuble nuclides. Producton depth profiles for long-lived radionuclides produced
in lunar rocks are measured using Accelerator Mass Spectrometry (AMS). For u particular
radionuclide these production depth profiles cua be luterpreted to glve an estimate lTor the solar
proton flux over a time period characterized by the half life of the radionuclide under swdy [1, 2J.
"T'his analysls is possible if and only if the all the cross sections for the interactions of wll cosinle
ray particles with all eleracuts found In lunav rocks are well knowu. tn practice, the most important
cross seetlons needed are the proton production cross sections, because 98% of solur cosiic ruys
and 87% of galactic cosinic rays ure protons.

The cross sections far the production of long-lived radionuclides were vary difficult (o wicusuge
before the dovolopment of AMS and only i teveut years has significant progress beon niade in
deterining, thoso essentlal cross sections (4, 4.

Oxygen und sllicon are mgjor constituents of luuw 1ocks. Wo liave reportod nlrendy H¢
productiun cross sections from O und Si [4, 5] tor proton onergles 28 -500 MeV, and O(p.x)**Be
front 58 - 160 MoV [6). Iere wo prosent new ineasurentonts for the cross secthas O¢p,x)Be,

Qp,x)"Bu, SI¢p,x)"Be, SI(p,x) Be, Si(p,x)™ AL, aud SI,%)* Nu fiom 30 - 500 MoV.

2. Exporhnentul

"I'igse cross sectlon msusureiments consiat of four Lusle stepy; tueget ndintious, shvitlived
radlouuelide deteraduution ushiyg uon=destiucetive oy vay spectroscopy, smple preparation and
AMY doterimlnation. w
Yurges bundistdons: Three wecelortor Tuellithen are. tiged tor tho Lesdiadons, hodintlonn ure tde
for proton cncrples < a8 MeV at the Unlvegaity of Cadlfundu, Duviy (Davig); for =88 » 160 MeV

wt the Hurviad Cyelotion Lubotstony, Havard Untveestty (LICLY; for 200 = $00 MoV, twe Lils



Unlversitles Meson Facllity at tho Univarsity of British Columbia (TRIUMF), At all threo facilitios
the overall irradiation philosophy is the same, but details of the irradiation sohemes vary.

At all faoilities, thin target condltions are always uscd. ‘Ihis is achioved by using thin target
foils and short targot stacks, such that at most ~2 MeV would be lost in an individual target and <
10 MoV in tho ontine targot stack. These conditions minimizo both the less due to protons
soattering out of the stack, and the production of neutrons within te staek. S1 targets are 0.0754 -
0.076 cm thick, 1.0 - 1.5 cm in diamater and woigh ~0.138 - --0.309g. $10, (for O) targots aro
0.0508 - 0.056 am thick, 1.0 - 1.5 om in diwuster and weigh ~ 0,095 - 0,214y, Catcher foils ware
usadd to mininize the offects duo to recoils,

At all three facilities, inrudintions wre designed so thut the entlre proton benn is lutercopted Ly
bath the targot stack und the monltor chambor usad to got a direct measurenient of the number of
protons through the target. The wouitor cliunber iv eulibruted for each proton cierpy using n
Favaday cup, Ahunlnum monitor folls are included at the front of tho target stuok ur the reactions
2 Al(p.x)* Na und 7 Al(p,x)™ N used us un sdditional doshustric cheek [5].

Lor 1oat linktations, mtiation thnos wers dosigtied to prxduces ~107 M€ atos n e contrul
targot foil und one of U catoher fulls was used for *Be and Al detormination by AMS.,
yuriy spectroscony: 1o nid “Nu aro determbued T sl tugots at 1HCL wslig vonsdestiuctive y-rny
8PECLIOsCopy.

Smunple propacation: éollowlug the addition of 136 mel Al carrlors, with ths exeaption ot the Al
uwgow, which required no Al carier, the targots are dissolved in acldic solutlons. After dissolution
roveral stops of HEICO, Munlug neo perfonned. Standwd lansehramatagraplile tecludguos wre uved
to yoparate 136 und Al from other specles. Sines the elutlonof le and Al from cutlon snlumng
it thls techimlquo wlso sopurates e Bo Gou s AL Both ALt Be aee precipltated fnoa tasle
rolution as hydroxides. ‘Lhe Al and Ho Lhydroxldes we then dided and converted o oxides at high

tanperatue (= B0 C) The sanplos aa nixed with Ag prior o AMS analysis, Suecesstill AMS



analysis of Be requires a sample preparation protocol that yields a sample rolatively free of horon,
an Isobarlc interference. With only a few cxcoptions this pracedure produced both Al and Be
samvoles free of interfering species. In those instances where interferences created problematic
unalyses repeat incasureiients were performed.

AMS detormination: “ Be analyses for some of the silicon dioxide turgets wore inade at the
University of Avizona and the results reported [6). All othier targets were analyzed at the Lawrence
Livermore National Laboratory AMS Facility (LLNL) [7] with the chemistry done at Sun Jose
State University. Both "“Bo und * Al ineasurements we made utilizing a di/dX dotector. Vor the
“Be measurdiments (he borow buckground 1s reduced by using a thin Havar foll as the enwrance
window for the dl¥/dX detector. For most of the unalyses <5% of ihe coums accumulated in the
“Bo specteus o attributed to boron reactlons fn the Havar, A correction based on a “dirty boron

blauk”, which is propared ut LLNL, is applicd in all lustances,

3 Results

New cruss section mensureinents tor S1(p,x) e, SIpax)'*13e, S1(p,x)? N, mnd Sigp.x)* Al, e
ghvon lu'fublo 1. und new oross section measuromonts for O(p,x)'Be and O(p.x)"Be fiom oxygen
in Si0, wrgews lu Table 2; Tuble 2 lucludes corrected vilues lor the cross sectlons previously
rojated {64,

The principul sources of errer o us (ollows; 264 Lur thes muuber of wams/em? of the targat
slaenl; 3% tor the mauber of protons through the target an all dueo facilldes, - oxcopt for some
ircadlatdon of S1 und S10, taegets at FECT, where this crion was 795, uiid a muge of values tor the
AMS dotermtintion depending on the nunber of "Be or ¥ Al atomz made hu the agot, “The
freadiution condidons were opthalzed for ¢ poducton, so for some laget/enetgy combliations,

(oo fow 16 atons waro produeed tor optinmm AMS detouniantions toading w un lneteased orror



in the AMS measurement, However, oven under those conditions, most cross sections were
measured to better than 10%.

Results of the new cross section mcasurciients are shown ln Figures 1 - 6 for the cross
scctions for Si(p,x)!*Be, Si(p,x)* Al Si(p.x)'Be, Si(p.x)™Na, O(p.x)"*Be, and O(p.x)'Be. These
new measurements are compared o those in the literature and In 1nost cases, the agreement is vory
good (3,8-25).

4. Discussion and Conclusions

Theso irndiutions are mads using thin targets and simall targot stacks to minimize both thoe
production of ncutrons within the stack and the scattering of protons out of the stuck. All
Irrudintions ure degigned to luclude a direct mensuroment of the number of protons through a targot
stack, with monltor foils used as an addidonal obeck, ‘These experimentul conditions allow a
simplo calculution for the cross section, The majority of tho now cross section vulues reported here,
agreo woll with tho cross scctions measured over the past decade by others [3, 8, 91.

Production depth profiles of cosinogenie radlonuclides mcusined jut lunar rocks can be
analyzed to give ostimates of the solur proton flux over a time period characterized by the hudf Life
of Wre rudivnuclide undor study {1]. Accurate nnd precise crogs section nweasursimonts ol all the
relovant protou production cross cections aro cgsentlal for rolinble estimatos of the solur proton flux
(0 Lo 1unde. "The progress i moasurlng theso ossoutial crors sections over the pnst decado is
evidant from dpguves { - ¢, Muny cross sectons have uow beon mweusured by wore i e
iudopendont welimdgue, with conglatant ragults. ‘heso vilues can now bo ured with conlidenco to
got hotter eatlmnates of the solar proton flux from the anvlont past w present solar cycles,

Clroms sectlons Tor the production of e bolow =150 MV have ouly recontly bean nicasured
and ure shullar to the estdmnted oroan seotions used by Nishitzuml [26] to luterpret Be measured

In lunur 1ock 688 14, ke racent e cross seetlon mossmomcnts olimlnat the possibiity noted



by Nishiizumi [26] that the cross sections assumed for '°Iie production at low energies were
wrong, and support the case for a soft solar proton spectrum with relatively few high-encegy

protons over the last few millioa years,
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Table 1. Cross scctions for the production of radionuclides from Si targets.

Proton Energy*  Si(p,x)'Be Sl(p,x)*Be Si(p,x)¥Na Si(p,x)*Al
MeV mb mb mb mb
500 5. 740.43 0.55440,033 17.74:1.31 18.7:£1.09
400 4,25+0.32 0.397.10.029 17.54:1.29 20.44:1.18
300 3.940.3 0.262:10,0159 17.541.31 22,12:1.3
200 2.9+0.26 0.1145:0.0073 15.141.16 24.6:4:1.44
157.3£1.0 1.4110.15 0.066.10.0064 16.1::1.45 32.642.54
148.242.0 1.310.15 0.062:0.005 16.11.1.46 79.142.22
128.742.0 32.32:1.88
128.042.0 1.19£0.15 0.045.10.0044 16.5:41.49 34.6:1.2.64
127.542.0 17.910.99
127.042.0 1.11:0.34 0.0483.0.0038
9743.0 0.8710.16 0.023:40.0026 16.8:L1.50 36.442.70
87.443.0 0.84:10.14 0.019.L0.0019 18.1:+1.63 A8.843,01
77.24:.5 0.7540.13 0.01120.001 43.943.30
67.4 0.6640.24
66.9 0.81:1.0.16 0.0097£0,0012  19.9L1.82 47.044.57
65.6 0.005:L0.0005 25.542.4 50.5:12.87
65.2 0.88:0.203
61.74:4.0 0.41::0.16 0.0065L0.0008 2001184 §3.0H4.04
59.0 22 412,08
58.7 22.012.09
56.544.0 0.31:L0.15 00024100009  16.8:L1.54 S1.345.04
52.4 0.540.105
50.2 0,000040.0002 11,6100 70.2:4:1,0%
4.5 6'7.013.95
410 1.1610.12
20.4 5.99:10.38

¥200:600 MoV TRIUMI,

lowar onorglos; with onoryy sproad Indleatod, HCL; no anorgy sproad Indicatod, Davis;



Table 2. Cross sections for the production of radiouuclides from O using SiQ, targets.

Prolon Energy*
MeV
500

400
300
200
158.9£1.0
149.942.0
129.942.0
129.912.0
99.943.0
89.91:3.0
19.943.5
69.943.5
014
G Bk
59,804
49,9
414
30.9
*200-600 MoV TRIUMI,

O(p:x)'Be O(p,x)"'Be
mb mb
10.24£0.77
10.3+0.77 1.1840.068
11.1£0.85 0.95240.058
10.310.77 0.71240.046
6.8210.63 0.5640.048
7.1140.66 0.5110.057
7.3£0.69 0.1240.044
0.274+0.56
7.5730.74 0.4440.047
7.254:0.68 0.3340.03%
7.66:0.73 0.274:0.032
7.69L0.75
0.3340.02
7.684.0.75 0.2110.037
8.444:0.83 0.1840.022
0.0%810.0029
0.007940.0008
0.005240.0004

lowar enorgloy; with energy spread Indiculed, 101 no anevgy spread indicated, Daviy;
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Figure Captions

Figure 1. Si(p.x)'*Be; emrors are as shown or are smaller than the plotted symbol.
Fighee 2. SI(p,x)* Al; errors arc as shown or are smaller than the plotted symbol.
Figuro 3. Si(p.x)"Be; errors are as shown or are sialler than the plotied symbol,

Figure 4. SI(p,x)®Na; crrors are as shown or are smaller than tho plotted symbol.
Figure 5. O(p.x)'?Be; errors are as shown or are smaller than the plotted symbol.

Flgure 6. O(p,x)"Bo; errors are as shown or are sinaller than the plotted symbol,
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Cross cection (mb)
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