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Proton production cross sectons for **Be, *Al, 7Be aud 22Nu produced by protons in silicon
dloxide (fo xygoen) and silicon targets over a wide proton energy range, 25 - 500 MoV, have
been meusured using secelerator tass specttometty or nonsdeswuctive Y-ruy specteoscopy. These
arass sectlons ars lportant tor lnterpreting measurements ot the concenteation of these nuclides
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1. Introduction

Cosic rays penctrate the lunar surface and interact with the lunar rocks o 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 cun be luterpreted to glve an estimate tor the solar
proton flux over a time period characterized by the half life of the radionuclide under study [1, 2).
‘This analysis is possible if and only if the all the cross sections for the interactions of wlf costlc
ray particles with all eleracnts found In lunav rocks are well known. ln practice, the most important
cross sectlons needed are the proton production cross sections, because 98% of solur cosinic vuys
and «87% of galactic cosmic rays aro protons.

The cross sections for the production of long-lived radionuclides were very difficult 0 teusuge
betore the dovolopment of AMS and only in teceut yeaes has sigallicant progress been miade in
determining, thoso essentlal cross sections (4, 4).

Oxygen and silicon are mjor constituents of luuw 1ocks. Wo have reported alrendy ¢
production cross sections fromn O and Si {4, 5] tor peoton onergles 28 -500 MeV, und O(p.x)'°Be
from 58 - 160 MoV [6), Iere wo prosent new measurentonts for the cross sections O¢p,x)Be,

Qp,x)'Bu, SKp,x)"Be, SKp.x) Be, Si(px)" AL wud SI,%)* Na from =30 - 500 MoV,

2. Experimontul

‘'iese cross sectlon measurementy conalat of four Lusle stepy; tuyet bindlsons, shwitived
radlouuclide detetuuution wslng non=destiuctive oy ray spectroscopy, sanple preparation and
AMS dotormination, w
YTurges bandistons: Three wecelurator Tueltitien are uged toe tho leeadiatons, hadiations are tude
for proton cnciles < 08 MeV at the Univetalty of Cadlfotalu, Duvly (Davig); fur ~88 « 160 MeV

w the Huviad Cyeloton Labotatony, Havad Unlversity (LICL): for 200 = SO0 MoV, the "L



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

At all faoilities, thin target conditions are always uscd. ‘This is achioved by using thin target
foils and short targot stacks, such that at most ~2 MeV would be lost in un individual target and <
10 MoV in the ontim targot stack. Theso conditions minimizo both the lass due to protons
soattering out of the stack, and the production of neutrons within te stnek. Si targets are 0.0754 -
0.076 cm thick, 1.0 - 1.5 ¢ in diamoter and woigh ~0.138 - --0.309g. 810, (for O) targots aro
0.0508 - 0.056 am thick, 1.0 ~ 1.5 om in diwuster nud weigh ~ 0,095 - 0,214y, Catcher foils ware
usadd to mininize the offects duo to recoils.

At all three facilities, irrudintions are desigmed 8o thut the entlte profon Leant is intercopted by
both the targot stack and the monitor chambor usad to get a direct measurenient of the number of
protons theough the target. The wouitor chiunber is eulibruted for cach proton enerty uslug o
Fauday cup, Aliminum monitor folts are Included at the front of tho target stuck und the rsactions
2 Al(p.x)* Na und 7 Al(p,x)™ N used us un sdditional doslastric check (5],

Lo wost litlations, Irradiation tinos were dosigiied to produces <107 4¢ atons in tw contral
targot foll und one of s catoher fulls was used for *Be and *Al detorminadon by AMS,

-piy Apeciroscony: "o and #Ni e determined In ol targots at HCL ustog non-destiuctive y-tay
BPECLIOSCOpY.

Smunple proparation: Hollowing the addition of 3o and Al carrlova, with ths oxceaption of the Al
ot which required no Al cmrler, the wrgets wre dissolved in scldic solutlons, Atier dissolution
roveral stops of HEIO, Muning avo potlormed. Standid lonschromatographie teehnlguos ate uved
to voparnte 16 and Al from other specles. Sloce the eluttonsof Lie and Al from cutlon volumang
ditfior thls teslimlguo also sopurates the Bo Gom e AL Both AL asd e are precipitated oo basle
rolution as hydroxides, ‘Lhe Al' and Ho hydroxldes we then dided and convertod w oxldes at high

tinperature (= B0 ), The smplos s mixed with Ag prior 0 AMS analysis, Sucecessill AMS



analysis of Be requires a sample preparation protocol that yields a sample rolatively tico of bhoron,
an isobaric intesference. With only a few cxcoptions this pracedure produced both Al and Be
samvoles free of interfering species. In those instances where interfesences created problematic
unalyses repeat ieasurements were performed,

AMS dotermination: **Be analyses for sowne of the silicon dioxide turgets wore made at the
University of Avizona and (he results reported [6). All other targets were analyzed at the Lawrence
Livermore Nationat Laboratory AMS Facility (LLNL) [7] with the chemistry done at Sun Jose
State University. Both "“Bo und * Al measurenments we wade utilizing a di/dX dotector. LVor the
“Be measurdiments the boron background is reduced by using a thin Havar foll as the enwrance
window far the dl¥/dX detector. For most of the unalyses <5% of the counts accumulated n the
YBo specteus o attiibuted to boron reactions in the Havar, A correction based on a “dirty boron

blank”, which is proparced at LLNL, is applicd in all lustances,

3. Results

New cruss section weusuretieats for SIp,x) Be, Si(p.x)' 136, S1(p,x) Na, and Si(p.x)* Al, e
givon i ‘Fablo 1. and now otoss section measusemonts for O(p.xYBe and O(p.x)"Be from oxygen
in $10, et lu Table 2 Tuble 2 lncludes corrected values tor tha eross sections previousty
o) ovted {64,

The principul sources of error wo us (ollows; 296 Lor the mnuber of atama/em? of the targat
sletuent; 39 tor the manber of protons through the target at all tuee facilides, - oxcopt tor some
ircadlationn of 1 und S10, (wegets wt FECT. whore this eiron was 796, and o mnge of values tor the
AMS doterination depending on the number of ""Be or ¥ Al wtomis muade in the wegot, 'the
ircndlation condidony were opthinkzed for ¢ production, so fur some taget/enetgy combinations,

too fow 9136 wtowns wore produced (ov optimum AMS deteimdnations toading w un inereased vror



in the AMS measurement, However, oven under these conditions, most cross sections wero
measured to better than 10%,

Results of the new cross section mcasurciients are shown in 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 to those in (hw literature and o nost cases, the agreement is vory
good [3,8-25).

4. Discussion and Conclusions

Theso irndiutions are muads using thin targets and small targot stacks to minlmize both thoe
production of ncutrons within the stack and the scattering of protons out of the stuck. All
Irrudintiony ure designed to Include 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 uthers [3, 8, 91.

Production depth profiles of cosmogenie radlonuclidos mcusured In lunar rocka can be
analyzed to give ostimates of the solur proton flux over a time period characterized by tw hudf Life
of W rudivnuclide under study [1]. Accurate mnd preclse cross section mearurcmonts of all the
relovant protou production cross cections aro cgsentlal for rolinble estimatos of the solur proton flux
(0 Lo anade. ‘The progress i measuring theso ospoutlal cross sectlons ovor the pust decado Is
evidant from Yipguves { - 6. Muny cross sectons have uow been meusured by wore tan one
indopendont welimlqus, with conslstant vasults, ‘Theso vidues can now bo used with contidencs to
got botter eatlmnates of the solar proton flux frow the anvlont past to present solar cyeles,

Cluomn sectlons for the production of e bolow <150 MoV have only recontly bean niasued
and are olmilar to the estimated orona sections used by Nishilzwind [26] 0 interpret Be mewsured

In Iunar tock 688 15, 'Mhasa rseent "Iie cross section mossuromants slimlnate the possibility noted



by Nishiizumi [26] that the cross sections assutned for e production at low energies were
wrong, and support the case for a soft solar proton spectrum with relatively few high-encesy

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 S.740.43 0.55440.033 17.74:1.31 18.7:£1.09
400 4,25+0.32 0.39710.029 17.54:1.29 2044118
300 3.940.3 0.262:10.0159 17.5%1.31 22.14:1.3
200 2.9+0.26 0.114:0.0073 15.14:1.16 24.8:41.44
157.3£1.0 1.4110.15 0.066.0.0064 16.1:1:1.45 32.642.54
148.242.0 1.310.15 0,062:0.005 16.14.1.46 29.112.22
128.742.0 32.32:1.88
128.042.0 1.19£0.15 0.04510.0044 16.541.49 34.612.64
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:L1.53 16.442.76
87.443.0 0.84:10.14 0.019.L0.0019 18.1:+1.63 18.833,01
77.24:.5 0.7510.13 0.011:£0.0013 43.943.30
674 0.6610.24
G6.9 0.81:10.16 00097400012 19.9L1.82 47.044.57
65.6 0.00540.0008 25.542.4 50.5:12.87
65.2 0.88::0.203
61.744.0 0.41::0.16 0.0065L0,0009 200184 83.014.04
59.0 22.412.08
58.7 22.012.09
50.544.0 0.3140.15 00024100009  16.8:L1,54 51.34:5.04
52.4 0.540.105
50.2 0,000040,0002  11.G:1,00 70,244,014
44,5 &1.013.95
) 1.1610.12
20.4 5.99:.0.38

¥200:600 MoV TRIUMI,

lowar onorglos; with onorygy sproad (ndicatod, HCL; no onorgy aproad Indicatod, Davis



Table 2. Cross sections for the production of radionuclides from O using SiO, targets.

Protlon Energy* O(p,x)'Be O(p,x)""Be
MeV mb mb
500 10.240.77
400 10.3£0.77 1.184:0.068
300 11.1%0.85 0.95240.058
200 10.310.77 0.71240.046
158.9£1.0 6.8210.63 0.56+0.048
149.942.0 7.1140.66 0.5110.057
129.982.0 7.3£0.69 0.4240.044
129.942.0 6.274+0.56
99.943.0 7.5730.74 0.44£0.047
89.9145.0 7.2540.68 0.3310.038
19.94:3.5 7.66:40.73 0.274:0.032
69.941.5 7.06940.75
7.4 0.3310.02
04.844 7.081.0.75 0.2140.037
59.4:.14 8.444:0.83 0.1810.022
49,9 0.0%810,0029
41.8 0.0079+0.0008
309 0.005210,0004

*200-600 MoV 1RIUMIY,

lowar enorgloy; with energy apread Indicated, 1CU; no anovgy 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.
Figure 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 smaller than the plotted symbol.

Figure 4. SI(p,x)®Na; crrors are as shown or are smaller than tho plotted symbal.
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 sialler than the plotted symbol,
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Cross section (mb)
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