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SUMMARY

_ Radioactivitles induced In several LDEF samples were mensurcd by low-lovel counting at Los
Alamos and elsewhere. These radionuciides have activitics simiiar to those observed in meteorites

and lunar samples, Some trends were observed in these mensurements in terma of profilea in

trunnion layersand as a tunction of mdionuclide half-lifo, Several existing computer codes were
radiation belts and by the

- used to model the production by the protons trapped in the Earth's
' enlnctic cosmic rays of some of these radionuclides, **Mn and 310, in steel, 5S¢ in titanlum, and
23 in alloys of titanium and aluminum, Production rates were also calculnted for radionnclides
' possibly implanted in LDEF, 0, D¢, and MC, Enhanced concentrations of induced isotopes In
 the susfaces of trunnion scctions relative to \helr coneentrations in the center are ennned by the
lower-energy protons in the trapped radiation. Secondary neutrona made by high-encrgy tenpped
protons and by galactic cosmic rays produce much of the cbscrved endibactivities, eapecially deep
in an object. Comparisons of the observed to calculated activities of scveral radionuclides with
different hall-lives indicate that the flux of trapped protons at LDEF decrensed significantly nt

INTRODUCTION

e Many structural pieces from the Long Duration Exposure Fneility {LDEF} wore measured

7 yalng low-lovel gamma-Tay apoctroncopy by scveral research teams (o9, refr. 1.2.) Several e

dionuclides were observed, as was predicted on the basis of cakeulations done wing the energetics

purticle environment expected at LDEF (ref. 3). Two sousces of energetic particien are expeeted

to dominate the production of these Induced radionctivities, encrgetic (B ~ 10%-10° MeV) pro-

S tons trapped In the Earth's radiation belt and the high-energy (= 4 GeV/nueloon) gnlactie-
cosnic-ray particles that penctrate the Earth's magnetle fickl and reach LDEF in its 28.6° in-

ination orbit (ref. 3). There i very Jittle expericnce with rnelionuelides made in materinl ina

_ jow-Earth orbit like LDEF's, which Is what makes e induecd m:!%m}‘\i\'i!m mensured in LDE:

* This research was supported by NASA's Marshall Space Flight! Center and done under the
ausplees of the U.S. Department of Energy. ‘ 1
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samples 50 unique u,ﬁd n}ur.b!e. Kowerer. there ls much experience with coemic-ray-produced
{cosmogenic) nuclides made by encrgetic particles in lunar samples (ref. 4), meteorites (ref. 5),

pnd terrestrial samples (ref. 6), We compare our LDEF radioactivities with production rates of
cosmogenic nuclides ealculated with models developed for these other oblecte.

MEASURED RADIOACTIVITIES IN LDEF SAMPLES

At Los Alamos, we measured sctivity-versus-depth pfoﬁlu in four scts of trunnion layers, six
trunnlon sections, five parts of sluminum alloy from end support retainer pistes, two aluminum
alloy keel pl.ie pleces, and two titanium clipn, and detalls on these measurements are inrel 7.
All nctivities are corrected to 20 January 1000, In the aluminum samples, we observed 2.0-yenr
325 with activities ranging from 3.8£0.0 bocquerct (disintegrations per second) per kilogram of

L ]
~:i(tmc~u sample {Bg/kg) to 5.24£0.6 Bq/ke, In goad agreement with the 1INa activitios of ref, 1 in alu-
minum tray clampa and of ref. 8 for other kock-plate samples.

:,:,c " As shown in ref. 1, our measured activities for 312-day **Mn in layers of thie D trunnion sec-
Cnad tion, 3-8 Dq/kg, are in good agreement with measurements in adjacent snmples done by D. C.
Tidlos Camp at the Lawrenee Livermore Natlonal Laboratory. A plot of our 84\ fn results for inyers

s i from the D section of the west trunnion is shown in fignre 3, and shows the trend seen in all sels
e of trunnion layers of a decrease in radioactivity from the surface to the center of the trunnion.
pped : ;

e In two titantum clip samples, which we reecived more than 200 days after LDEF was recov-

‘ered, we observed low activitics of 2Na of 0.620.3 and 0.7£0.3 Bq/kg, many gamma rays from
uranium and its daughter lsotopes, but po clent signal for 84-day #*Se. Our J-standard-deviation
limits for %S¢ were 3.3 and 4.1 Bq/kg. Our limits for #9Se are consistent with the activitios of
1.1-1.5 Bq/kg estimated for other titantum clips in ref. 8. As **Sc ls made from *Ti by the
same reactions that make *Mn from *Fe, it I a litule surprising that the measured radionctiv-
ity of %¢Sc is much lower (by a factor of ~3) than that of **Mn in the trunnion samples.

MODELS FOR PRODUCTION OF CO_SMOGENIC NUCLIDES
reud r
[l

et

,l:."tg These radlonuclides measured in LDEF ploces have activities that are at roughly the same

pro- Jevels aa observed In lunar samples (ref. 4) and metcorites (sef. 8), which range from  few tenths

) of a beequerel per kilogram for high-encrgy products like '*De to ~3 Bq/k for solar-proton-

. produced radionuclides like A} and T Na in the very susfaccs of lunar rocks. Howover, most

lnn samples from LDEF, like the titanium elips, are very different in composition from extraterzes-

. LDE trinl ohjects, so direct comparisons are difficult to make. Severnl madels huve been doveloped
and are well tested for coamogenie nuclides in lunar samples and meteorites, and we apply two of
these models, both from ref. 4, to our LDEF samples. Ono ealeulutes production rates of nuclides

adder the 1y gnlactic-cosmic-ray particlee. The other was designed for puctides made by solar-energetic-

87 ¢
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slow-ncutron capture radlonuctivles, It b cructal to check for the pre-launch content of these tadionuctides,
for cxample: Co-60 In cobalt “intentional” samples. This is especialiy imporiant whea long halflife
nuclides are 1o be measured from short-duration missions, as is the casc fur Co-60 in cobakt

With improved detection efficlency, Increased sample stee, and a favorabke sample recavery
schedule, it is feasible 1o undertake “frequent fyer™ missions on the Space Shuttle with 5- to 1N-member
scts of "intentional® samples. It is important to buikd a multi-mission database for this kind of
information, initially 10 test fis validity, but mainly 1o supply important information on characterizaiion of
thir vt geresctrinl anviranmaent intn whirk mankind iz ok heeinnine 10 venture in the coarext of long-
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paﬁkla, which are often called so!n-cotmk*uy (SCR) particles.

“We also used another computet
code system to test the assumptions of the SCR model. !

Radionuclide Production by Galactic.Cosmic-Ray Pasticles

i

Production of cosmogenic muclides by the high-energy particles in the GCR have been wet’
reproduced in lunar samples by the GCR moddel of Reedy and Arnold (ref. 4). This model hns
also been successfully extended to metcoriten (cf., vef. 5). However, this model is not direetly ap-
plicable to LDEF s the Earth and its magnetie fcld affect the fAuxes of GCR particles renching
LDEF, Only GCTt particles airiving from 2w storadians of space rench a polnt near the Enrth,
thus production rate culeulated for meteosites need to be rediced hy a fnetor of two to be ap-
plicable to LDEF, althougl: ealeulated rates with the lurnt model do not need this factor, The
Enrth's very strong magnetic fickd scattors awny a large fraction of GCR particles for geomng-
petic Iatitudes loss than a00%, This cffect has boen knows fur terrentrinl cosmogenie nuclides,
such a3 MC, and needs to be applicd 1o auclides made in-itu in surface samples. Production
. rates near the Earth's eqhstor arc about & fuctor of three lower than those near the geomng-

- petic poles, whils thoe rround a gromagnetic latitude of %30° are lower by a factor of about
two {ref. 6), As LDEF» orbit had an inclination of 28.5°, this factor averaged over it orbit in

estimated to be about 2.5,

The GCR particle-flux model of ref. 4 was used with the eross sections for the mportant e
actions. Soversl fuxes for large smetcorites and the Moon were used as LDEF picces were usie
ally on the main part of the spaceeralt or, like the trunoions, were fnirly thick. GCR production
~ rates for !.heverysurfuoarinamysmnﬂobj«t would he lower ns the lenknge of particles or
reduced production of sccondary neutrons lower GCR proctuction rtes (refs. 43). As described

.lnrcf.Ltheermnecucmmedinthhmddmhmlmptcncrgicnbclcwntcﬂhmulmi

“ MeV and mainly for protoas at highes encrgics. Most cross scctions used here are similar to
_ those in ref. 4. ;

The ealeulated production rates by GCRt particles corrected to LDEF's arbit are given in

the last column of table 1 for sevcral materials in LDEF, Other encionelidos abaerved or being
scarched for in LDEF plecos include TBe, 12D, and !C; the latter two conthid be like TDBe and im-
planted on the gurfaces on LDEF's leading side (. C. Gregory, G. F. Herzog, and A 3. T. Jull,
priv, comm.}. Production rates of these implanted radionuclides are nlo given in table 1o help
show that obeerved concentrations are mora than those expected by GCR-ncduced avclent rene-

tiona. .

" For the LDEF misslon longth of 00 months, all of these radiomuclides except 7N, 1*Be, and
1 should have their activities in equilibrium with their production mtes. Thus the GCR con-
tribution to the sctivity of 34010 in stecl should be about 0.0 By/kg, which is much lower than
the measured activitics, The activity foe 71N weuld be about 0% of its peaduction rate, so its
“activity in aluminum picces from the GCR ia about 0.5 D /kg, agnin lows than ebaerved. The
calculated production rate for the *implanted” botope "Be 1 much lower than for those indueed
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SUMMARY

The ve for this discussion of the LDEF sample anatysh cffort Is focward-looking:
evatuation of our caperience M obiaining the reponied results in the contest of improvements that can he
implemcnied during future missions. Examples have been glven to emphasize the need for larger
samples, as well a8 move cfficient (larger) detectors. Choices for targat clements (intentional samples)
have boen.dlsqxsscd. as well as the schedules for sample rewrieval afler spacecraft ouchdown. Finally,
some applications asc outlined for use of induced-activity analysis of rhaterials returned to carth after

S e Tienne in smacn. as one of the promising avenues toward identifying {(auv) temperea variations in




“#in.gitu,” like #4Mn and T Na, conslstent with the interpretation (ref. 9) that the "Be found on
LDEF's leading surface was not produced in LDEF, Production rates for Be and 1*C are " ver
than for TBe, and the calculated GCR production rates for these isotopes in iron are down .y A
facter of ~2 for 1°De to ~10 for 1C relative 1o their rates in sliminum.

~ Radionuclide Production by Trapped Protons

B

The energy spectrs of the trapped protons near LDEF's orhit are estimated (ref. 10) to be
falrly steeply dropping with encrgy with most protons having energios of 10? to 107 MeV. These
spectra are similar to those of the encrgetic SCR protona (ref, 4), although there are relatively
more higher-energy protons in the trapped radintion than in the SCR.

Protona with an energy of 100 McV only have ranges in aluminum and most materisls of
m10 g/em?, which is a small fraction of their interaction lengths, The fow particles that do inter
. act before they are stopped make fow sccondnry particles beeatsse of thelr relatively low encrgies.

. The primary particles themsclves Induce most resctions, Thus the most important interaction
mechanism for such particles I slowing down (and stopping), which occur due to jonization losses
along the particles’ paths and ls a well known process. A mode] i presented in ref. 4 that Ine
wolves production of nuclides by particles with encrgies below & fow hundred MeV by consideting
only lonlzation energy losses. This model has boen succosfully applied to many studies of the
. intoracticns of SCR protons and alpha particles in the Moon and metcorites (rel. 5)

- The trapped protons at LDEF's orbit tend to have relatively more encrgy than those in the
" SCR, thus some of the essumptions made above are weakenoed. To test whether secondary par-
ticles made by trapped protons could be Important, we used the pair of Monte Carlo codes in

the LAHET Code System (LCS) to ealculate the internction of trapped protons with LDEFs

" irunnion. These codes are LAHET (ref. 11), the Los Alames High Encrgy Tranaport code, and
MCNP (ref. 12), the Monte Carlo Neutron Photon code, A solid aphere of mdius 4123 em with
denaity of T.02 g/cm?, the same as the LDEF trunnion, and ﬁilh the composition of the trunnion
19.47PH steel was used in these codos with the trapped proton flux of ref. 10 for protons traveling
in the direction of geographic cast at an altitude of 300 km. Thix proton spectrum ia harder than
that for geographic west at 500 km oc those at 300 km altitwede,

The proton and neutron fluxcs crossing a surface at a depth of 0.50 em (4.5 g/cm?) in this
sphere I shown in figure 2, While there is a fnirly strong flux of neutrons at lower energies, the
© fux of protons exceeds the flux of neutrons for encrgics above about 20 McV, While the cnergy
~ where the proton and noutron fluxcs cross wacics slightly with depth, being at Jower encrgies at
" \he surface and at somewhat higher encrgics in the center, the trend is similac throughout the
. trunnion. Using a cylinder instead of a sphere for the trunnion would tend to incrense slightly
this cross-over energy. These fluxes caleulated with LCS aliow that for the impped radiation,
while sccondary neutrona are not negligible, protons are the dominant particle inside » trun-
nlon plece. A very similar conclusion was obtalned by the ealculations of ref. 3, which showed
that production by the protons in the trapped radiation dominates production by neutrons until

TRUNNION SUICES
18 P1ECES
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The rates for the production of muclides by teapped protons in LDEF samples were enleulnted

with proton fluxes ealculated inside an objeet with the SCR mexdel in ref. 4 and crons sectiona

induced reactions, As with the LCS enleulntions, the grographic-cast flux at 500 km

of tef, 10 war used, The jonization preameters used for slowing-down and stapping enlenlations

re those for LDEF's trunnion steel. The SCR eade In rof. 4 only considors slab and sphericenl

metries. Colculations were done wing omnidirectional fluxes on solidd aphcres of radins HA )
nd 63 gfem? and fora semi-infinite slab, The proton fuxes enleulnted with the slowing-down

model of rell 4 agree well with those from the LCS caleulntions, At the mirface and 8t a depth of

“ 13 gfem? from the surfnce, the enlewinted production rates in the 31.5-g/cm? sphere and a slnb

" differed by factors of ®25% and 2.3, reapectively, with the rates nt these depths in the 03-g/em?-
.. sadius spher? Intermediate, As a long, narrow plece, like a trunnion, is intermedinte hetween n
 sphere and a slab, the results for & 63-g/cm? sphero are usesd for the trunnion and for the other

- geometrics.

Moat cross sections uned for these enleulations are similar to those In refl 4 For two induced

: radionuclides of intereat, 30\ fn in steel and 48 tn titanium, more recent menanrcd eross sections
B for proton reactions with fron and titanium from refa. 13, 14, and 13 were uaed. Only eroms see-
=i tions for proton-induccd mctiq%u arc uscid '

" The flux st 500 km Is too high, s LDEF never was that high (lm\’;ng started at 470 ken el
recovered st 332 km, ref. 16), and fluxes at jower ecbita are lower (ref. 10) The entenlated pre-

© duction rates for the grographic-west flux st 500 km and for the geographic-enst flux at 300 km

re avout 3-5 and about 50-00 tlmes lower, respectively, than for the grographic-cnst flax at

$00 km. Thus LDEF probably was exposcy 1o a flux of teappesd protons that was o fuctor of sev-
eral to an order of magnitude or more lower than used here, However, these cnleulnted ntes can

e used to show that the messured radionctivitics are consistont with production by trapped pro-

DISCUSSION

The radioactivitics measured in LDEF are shinilar to those obwervesd in meteorites mud unnr
" samples. Production-rate moxlcls developed for extraterreatrinl mntesinks hnve boen used 1o enls
culate the production rates of severnl endionucliden in samples of LDEF fur pastivies In the gl
tic cosmic rays and for pratona in the teapped mdintion. These enteulutin] prowluction rites ane
conalstent with the measured radionctivition, :

" Production rates wore enleulnted for four dlionueliden mensunsd in three minterinle from

'LDEF and for three radionuclides that eould have hoen implanted in LDEFs Jending sutfiee,

The rates for those implanted isotopes, Re, Do, arxt 11C, enn be unedd 1o hielp show that they
wore not made “in-situ” by the GCR or trapped protons, An these throe radionueliden nre mude
maloly by high-encrgy pasticles, thele depth-veraus-activity profilen are fuirly flat, as the ealen-
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ated rates for trapped protons given in table § show, ‘I‘hm a sample awny from the surfnee of

" LDEF ¢an be used to establish the production rate by “in-aitu” muclenr reactions for an “im-
" planted” species in LDEF. :

The productlon rates estimated for the GCR are lowerthan the measured activities by fne-
tors of scveral, although there are a number of mmnimkgl in going from GCR interactions in
metcarites or lunar samples to GCR-induced renctions in LDEF. The production rates by GCIt
particles sary alowly with depth (ref. 4), and production by GCR particles at depth in LDEF
prohably s important. The cnleulnted GCR rates are less than the radionctivition mensnred in
LDEF. (

As noted above, the production rates ealeulnted here for trapped protons ate too high.

An these calculated rates are also higher than the obscrved activities, then the lower flxes of
trnpped protons that LDEF was exposed to would be ndequate to muke most of the induced
radionctivity indueed in LDEF. The mensured radionctivitics of **Mn in the trunnion Inyers
dropped less than a factor of two in going from the surface to a depth of 15 gfem? (a radius of
0.9 inches in fgure 1), while the ealeulated production ratea dropped & factor of three over this
depth, Thus trapped protons by themselves probably ean not account for all of the nctivity in-
duced In the trunalon. However, the shape of the activity-versus-depth profile clearly shows a
surfnce excess of radioactivity that Is similar to that mnde by relatively-low energy particles,

 The esleulnted production ratios for 3Mn/*"Co made in steel by elther trapped protous ot
the GCR are about § = 7, similar to their mensured activity ratios, The enleninted produetion
ratios for 5¥Mn in steel to 3 Na in the aluminum GOG1-T¢ alioy Is about nnity, agnin connistent
with the measurements. The fact that these production satlos are similar for both teapped pro-
tons and the GCR means that the observed activity ratios can nat be used to unfold relative con-
tributions by these two types of incident radistions, - é : o

- The ealculated production ratios for $)\a in stecl to #4Se in the titanium T1-6AL4V alloy Ia
about unity, while the measured activity ratio is about 3 to 1. While shiclding of the titanium by
overlying material could affect this ratlo, there does not appear to have been enough differences
due to the locations and shiclling of these samples to give a ratio af 3. Another explanation
for thie lower nctivity of ¥Sc is that it was made nenrer to the el of LDEF's mission than was

$4\[n. LDEF's orbit was Jower then (ref. 16), and the flxes of tenppesd protons decrense mpidly

in very low orbits (ref. 10}

* The caleulations present here, while not very detalled, aliow that the radionetivities Incuead

in LDEF are consistent with our experience in meteorites and lunnr samples, There is a com-

ponent due to the relatively-low-energy protons in the trnpped eadintion that contributes the
observed enhancement in activity at the surface of the teannions, Another romponent involves
higher-energy pasticles and thelr sccondary nentrona that contributes n fuirly fint profile and
much of the production at depth. Calculated product jon ratlos for all jsotopes but #Se are eon-
sistent with measurcd eatios, Activities of 84-day *Se are probubly low because of the lower

- Auxcs of trapped protons near the end of LDEF's mission whien LDEF waa in a very low orbit.
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RESULTS

Scven sample materials, Alusinume, siticon, Nickel, Copper, Zirconium, Tantalum,
and Tungsten, from the LDEF wers analyzed for gemama emission by high resclution, high
precision gamma ray apecivoscopy techniques. The gamma ray spettroscopy eguipment

is based upon & Muclear Data Corp. Genie 9900 system. Data acquinition, display,

and processing ate controlled by » DEC MicroVAX II computer. A Ce{Ll) solid state
detector was utilized to detect enitted gamua rays. The detector had an efficiency
of approximately 202 with a resolution of approximately 1.9 keV (FWHM Co=1332 keV).
The overall system operated as a B192 multichannel analyzer. The gamma ray sproirum
ranged from about 100 keV up to about 2 MeV. .
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 mblel. Calculatad Production Rates in LDEF Samplen

The target s the material or alloy being considered, snch as the titantum alloy used for clips.

Dotes are caleulated for the Indicated radionuctide in that target material. Tha st three mtes

are for production by trapped protons at different depthe, and the Inst one Is for production by

. GCR porticles away from s surface, The incklent omnidirectionn] flux for the tmpped protons
was the geographic-cast £00.kin one in ref, 10, and the target was maodcled ns a aphere of radine

. 03 gfem?. Sce text for detalls on the two scta of ealculations, The enleulated production mtes

. are in units of etoms s~ kg™! for the composition of the indieated target.

Nuclide Sutfnce 4.5 glem? 15 g/end? Gen

) 75 125 A 0.9
¥Ca 45 2.1 Lo12 0.13
*se 233 139 X 0.9
© TNy 17 10 .08
i PN 247 145 . 85
. 1De 14 1.0 0.0 0.1
tope 0.2 0.15 oea 0.03
02 013 foed
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Figure 1, Indu~ed radioactivity In section D of the left hand (wost) trunnion, The curves are
togxddalhqqe.ap«hﬂyh!hemhamedutiviymthenurﬁumdthcﬁu!-

i1

Energy [MeV]

Proton and neutron fuxes calculated by the LAHET Code System as crossing &
surface 0.50 em (4.5 g/cm?) deep in o steel sphere of radius 4.125 em (31.5 g/em®).
The incident flux was the geographic-enst, 300-km trapped proton one from ref. 10,
The fluxes of protons dominate except for cnergi? below 20 McV.
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