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Teradiativn of hlgh=dwnsity polyatlwlene by
an ~1 stm overpressure of T, gas at 23 = I*C
Tas Pesn showm to prodoce zevers damage,
100 HARad doss, withln % wonths, Feoductioen
rake of MH_ gas from irvradistion due to
palymer incorporabion of trlitium incressed
quiikiy withim khe Firet 1 wmorcha, aBter
whith Ler slowed eovaiderably, 1t ia pro=
poged cthat ocucgaaszing of H_ acted to inhiblt
dlffusion of selybilized ﬁ'l' or 1. inte the
bulk, thareby limiting inctesses in polymer
T Lncecporation and thus damage rave. Tamege
to the HDPE eample wag L[aund ta be nonunl-
form. Lager fluareacence from the paople
surfece irradlated by the asupply wf T2 EAT
wag 10 -Fold greater in the energy deposi-
rion layaer than the [luworescence from bulh
polymer after I montha. Thia factar was
withln an order of magnitude of caleulated
dugages to guriazte and bulk., Flusrescepce
from the bulk, spparencly caused by uwnwac-
vrated polyene groups [ormsed during fppadi-
aclon, grew In Cime abouwt proportlopally co
H, generacion and thus dese. An apprecisble
concentrgtion of radical or  fon-redical
porlyanes At Toom  tamperaturtes couwld  be
reconbined hy bleaching Fat L% minotes at
%153°C; thewe Epegie3d appeared o reform
ovat nilghr 4C room temperature.

IHTRUTUCTIOR

Large-scale sysEems, capab)w af
handling toiclwm gd#, ere becoming in-
cTeas nsl',r important to the fusion coom-
nicy. " Pripary conteinnent of the gaa,
within the compenemts of Buwch systems, wmust
he madlntalned telighly and wieh a wiolmam
leakage to both plant and enviconment. <Cer-

taln parformance requlrements, particularly
low-lgakage non-$tatic sedls, such as  din
valves and pumps, wictuwally neceasitate tha
uga of polymers. The greater sosceptibility
te tadiation damage of pelymers, ¢ompared {4
metelllic and ceramlc materisls, 15 generally
recopnlzed.  Knowledpe regarding Interactlan
betveen triclum gae LT.% and polyoers 1w
thareEate of some intevesr.

Darage ko pelymecs li}r&‘r—radt-attnn Taz
been axtansively sfudled,” ' Some data are
avallable raga.tdl.n;!‘_r,hﬂ eflects of TE £88 0N
various polymers. Extrapolation from

"y=literature, toward a predictlon or retlon=

alizotion of effaces wnder T $as, 1s
probably risky. Siace T, carnot lrradlate
the bulk of & polymer H'il:%'mul. dissalwing 1n
it feritfum'e 5.7 ke¥ averags snarpy @
particle having a ranpe of <1 micrean in
polyaers), tulk damage should be Jependueat
vpon  sclubility ond diffesivicy factore.
The =urface of 3 polymer under w colemn of
T, gas shogld be sublected o far grester
damage than the bulk. This deelvee from che
mich looger P range io the gas (.5 mm for
5.7 We¥ B inm 1 acm T} and the higher
denslty of T, 1n owvergas ztfactar af ~10-100%
than in ktbe bulk.

The Tathar erxtensive T-un:ruureﬂ and
#ingle £ refarance concereing cadiation
damage to polysthylense asuggested thiy
polymer for ga_-iiuiunal PLuly. Lasar Raman
BpEc LEGECOpY waz chosen for analysis
hepy becavpe of itg abllicy both to dotar-
Rine hydrogen Isotople contemt of OVETELS
and slea to monitor damage o pertions of
the sample smployed.
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EXRFEK [MENTAIL

High density pelyethylens (INFPE1 wos
ardered ax rod scock from & lecal suppl ler.
lia . density wape dacermined ko he 0,948

glem' Infraced analyglz shewed rcermipal
ringk, trana=vinylena, and winylidene
concencratlions to ke 53X, 2, and 1 1,
regpacilvely, conaigkent with prE1{ | ':ﬁ

repatts For Nigh density poelyathylens.

Frem thia staik was macthlngd @ eight cir-
cular eylinder, with a &43% angular Lrunc-
ation &t one eod, The BS.I'P].E diamerer wat
1.8% mm apd mauimem length 12.7 mm. A aeall
flot was cut alomg the minimum Iength to
garve ad 4 ga8 condeetance ath. Thie
Aample plece, of volume 0.11% cm” Bnd welght
0.109 g, was than preas-Eit inte the bore of
a borooilicate gless Tube. One end of this
tube had Beenm fused clossd whlle cle other
had been gealed co & stofnless skeel cube,
the laccer welded to & Cajon &=WCRK gland.
ttiy semple holder wae in turn ssaled vla B
copper goskek to a tee plece which held a
valve and pressuce Cransdocer. LEemg upad 1o
the assenbly of this apparatus {sea Filg, L1}
had previowsly been cleaned by datergent
solurion ot aleohgl, then rineed and driled.
The hermstic *PPItatys Wpe ghown to legk oo
greater than 2 x 100 7 em £5TPY M_fk. The 30
pasla range pressure Cranaducer  weE call=
brated and accurabe to <0.5% of Full scala.
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Tmeﬁmtmén LASEA |uinrnaTIONS
L FOR GA515) AND HOPE
SURFACELS) ANID LK
LBl ANaLYSES,
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¥ig. 1, Goutalneent apparatus (or T:!JHT:PE
intaraction study.

The dasipgn of the lesct Buman Spostro=
meter vgployed here 15 a8 proposed pre-

wioualy. Sample mountdng aresas of Ehe
iosttument arg hovsed within & tritium-
campatible glovebox . h  Spectra  Fhyeica

Hodal 171-0B argon lon laser was used €a
1llusinete the sampla Chrough a window
vounted at the glovebox boundary. Laser
ourput pouepk ai $165 L were berween 50 mW
and 2,0 W, the latter parmally weed for gas
analysia. A Spex model 14018 deoubie mong-
clhiromatar, wich 1800 greove/mn helegraphie
gErallngs. analyzed photons scabttered from
the wample. A chermoslectcicaliy cooled
Gahg photomeltiplise cube and pulse~coupt ing
wlestronica allowed cthe 'digital nenlterlng
of photons, A Hleolep Medel 1180 compurer
wags  uwsed o drive the epecorometer  and
aequlive and display data,

The =ample cell wam {illed with 0.4%73
atm of pas at day zers. This gas was F6.5%
tedcfum (ae T, and OT), 1.4% "He, end 0.05%
L, with other constityents {H, methana, K.,
and Arl each less than 0,02%. Cag preasure
and Raman spacCium wazre monlcared perlodi-
cally thareafter. ,The FRawan goy specCium,
collacted at 40 cw ' tesolution, showsed a T
peak with HT and K, paake incraasingly
larger with rcime, ‘}he #/{H+T)  lsotopic
eacios were calculated by a simple ratlo of
Raman pesk helghts. This apptoxlimpation «am
confirmed by a mazs spoctral analysin of gas
at day 167, af which cime Ehe two values
agrend within 7% relative.

UPDE Epectis were olic obrained per-
iodically. Tha anglad HOPE murface which
waa expoged to T, gag was 1lluminaced In a
grazing Eaghion. Tha laver beam dlameter ac
the simple wer ~ 60 microns. The area
eampled was genmcally silchin 1 mom oF the
centar of the #lliptical surface. Arvas of
the HDPE which inkerfaced mot with gas, but
with the glasa cell tuwhe, were ales 1llum=
Instad f[or ppectral mnelysis, Tha lazer
baam penatratsd =  perpendieular ta  the
translucent HOFE & distance of & 0.5 ma,
with of course fubstantial internal scak-
taring. Light #acatterad from the btulk of
Che Apicimet uan ol Tectad with the
sttempted excluslon of that light vesulting
frem plaas or HDFE aurfaces. Various pointa
within the bulk ¢F thea sanple wera choseq
for inepection.

Following 167 dava af 1leradiation, the
gas  within che sample ccll waz analvied by



muxs npectrometty apd Ehep fully evacnoatud,
The woluma of the cell was later detsrmined
by calibration with & stepdard wolume which
had bgen Eilled with ait. Thisx decermin-
BELan, vhich! lagted ™ ) he, ylelded a valus
of 5.5 em” for the wolume ofF the cell
holding the IINTE speple. The cell wap then
evacuated, wvalved off, end 1te contents
monitored for an additiomal 42 days.

At day 102 the HOFE, escill wilthln its
cell, was heated tg ~ 150°C for L§ =i, &
emall Weatlog cape was swployed dleng with &
manmual woltage conttotler external bte che
gloveboz. Tanperstuce wa3 monicored wich a
Type J thepmocouple wlthin a3 winfature
sheath, Because of poor Ehecwal contact
between asmple twbe dnd Chermoccuple B8R well
as an InCecmictent alectrical conmeckioh Lo
the themmocouple Lirself, fe 1g eatimsted
that the accurtacy of the temporéture above
15 £ i5°C,

Finally, at day 17, the HOFE specimen
waa cegoved frem the cell loea eha H
gtmosphers af the Ramen glovebex. Atreopbs
to melt ot pulveriee pares of the sample for
yae in ultravialer or fnfrared spectrescoplc
analyaes were futiie, Sevaral emall pleces
were Fracturad [rom the plastic, however,
and twe of these wete snalyzed by an alr-
ALBOEpRETE Hantme=Lrlcg nicro=lnFraved
specLrometer. ImErared shaorbance owver &
700 vo 4000 em  Tange was recsrded Far aach
pAEple plece,

RESULTS

Changes in the composltion of overgas
f0 tha seople ¢ell are dieplayed in Filg. 2.
Total partial preigureg of bath protium and
cricivm isocopes acve plocced, thesz having
been derdvad from totel pregasre vTesults,
Leoropic tebiv  analwses, And  preditted
valugs of tricium decay, Values are shown
both befare and afrer the avacuation Follew-
ing waws spectral snalysis (day 167}, By
comparisen  with tha wads  epeckrun, H
pirciel pressures are aatlmated to be i]f%
low (celative) apd T, vajuew =35 high: dince
tofal predsuras Bre knowm o 20.5Z,  No
corractions wets wade. It cao ba sasn Erom
Fig. 7 thet, while TE pressure  dropped
alightiy, ctoral W pressurs  increassd
markedly over the coitae of the irradiaciop.

Raman gpectra of tha HDFE sample showed
only one major chenga, @3 Lllugerated in
¥{g., }. While Kaman paaka Temain unchanged
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Fig. 2. fhangaa iIn  cvmpesirion  of T,
overgas with HDPE interaction Lima.
Egrtimated <ell  gentribucion ¢o
changes are shown subtraceed frem

the Hz and TZ curves and are shaded.

and ne new peaks appeaced wpon Lrradlabfon
by T_. the backgroutd flusrescence indtassed
marksd}y with time. Guch Eluarescence iF
peobably depived fvom eleceronleally exeit-
ahle wpgaturations, radicals, or radical
long.

TherefoTe, the magnitude of thins
Eluoreapence; 4£¢ kts naxioum {1800 =
1l4em '}, as rafzcenced ks the ampiirude of
the HOPE framework G-H band at I8B4Lcm
was wonicsted 28 an indication of cadlation
danage. Frogree= Im tima of this ratio,
boath for eurfiace and bulk HDTPE acens, is
ddaplayed 15 Flg. 4. At lang times, the
soatker ¢f £he deca becomes lacge. Thie
derives partly from the uye of differant
auppling points but lacgely [rom the tuge
predominance  of {lugrescenge  over Roman
gcattering. White tha Baman peaks beesas
barsly viaiwle or Indiscatnibla, tha
uncertadnty in  the retic eaployed here
bacomas quica large. Eatimated etroar bars
ate gilven in Fig: & aod 1t 1e apporent thap
ré¢lative errare of JDE or moere ars not
uncommon, Hevercheless, Lt ehould be nocsd



RAMAN INTENSITY {(ARBITRARTY)

DAY 46

0
1‘

& WAVE NUMBER

Fig. ). ERaman spectra from bulk HOFE ac
T80 &xpoaura  ATd At 48 days
a¥posyre to vl akm Ti Rad.

that che ratiog from gurfice Siany  dre

genatally greacer Chan thoze from bulk daca.
In addicion, warping che zample co + 150°C
redures svhetantizlly tha [luorescsnece.

Duyring the course of lrradlakfon, the
celot of the HPPE <hanged warkedly. The
griglnal sample was colorless pod trena-
lucant. After + 70 days of irradiation, the
HOPE became yellewlsh, the color thereafter
progresaing rapidly to 8 dull otange fday
~ 120} and chen dark red-brown (day z 1907,
the hue belng slightly deeper toward the
padple periphary. The Crasalucence of rhe
specimen remalned c(hroughout, Upon warming
an day 20}, howewvar, tha dark colop was
lawt, the semple ceverting to & pale yellow
celor more traneparsnt then before. Thias
annealing behavior coinclded with 8 logg of
flucrescance 1n  Cha Heiman. Overnight,
however, the color of the HOPE refuened to
its pre-anneal dark red-brown atate, The
oample woreover gppeared to have hecoms
loose in its wounting Eube and Elssured in
oukrrous places, the crackes tunning perpen=
dicular to cthe axig af the cylindep, AFoer
remeving the HOPE from fte cell, a chin diae
was aectiongd from the bulk of thoe cylinder
with & acelpal, Thisa disc was an elmast
cluar pala yallow whan annealad excepr for a
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Flg. 4. ERatic of maxitwm {luorescence
intensity to C£-H HRamsn band
lotengicy pletred For bach surfarce
and bulk NDFC as & funecfon of T2
ExpoaUre time.

ting of dackened mareplal aleng lez clraum-
ference. A  eloiler dackened film  wd2
sheerved oo one of the emall pileres frac-
tured fram the semple and ueed [or micTeo-
infeared phalysiz. The depch of rche latter
datkaned fillm wes + 1] microna.

Wicrg-infrared absecption spectra of
the twe small HPE [ragments mentcioned above
were diffarent from that of wunitradiated
material, mogt takly in two aress, The
peaks at 946 cm repregentacive of Eramns-
vinylena llgrﬂppu alomg che polvachylene
backbone, were greakbly _!fcreaaed with
cegpact to che peak at 908 ¢m — for terminal
vioyl growps. This brhavior hay  bean
u'hu-r?tdlgrmriuual'j in the jy-irradiation of
RBEE, "t Even wore dramatically, s large
peak at 1700" em” - wag cbeerved in Lrrediaced
gamples vhere nona wae obgerved in wipgin
material. Thie peak poaition correaponds to
that expected for both G-T bonds and car-
bopyl epecieg. The abparbance af the 1700
cm © bard was v LFI0 and ~ 1{5 thet ot tha
C=H band in the Lapge and #mall {ragmancs
regpuctively, The amall fragmeor was that
which dlaplayed _liha darkaned [llm. in
addition, 1780 cm = bands wers observed to
intrepts plowly with tlme.



DISCUSE LN
Overgng
Frevioualy published reenfts indicate
that che drradiacion of polyathylenz by
tticiom £ particled releases H, molecules
from the plastic, Ercaumbly by crasslinking
and desaturatfon. A L=faetor for chiam
releage af 3.1 H, moleculea/ld o¥ waw
detarmined. This was rassonably rconsistent
with G{H, } zlten deterrired enRduer
214,13
y=radlacion. Such GEH.) {factors have
bearn ehown invarle with 1! CUNTPrEAREEY
from 0,1 i h.{l atnm  and 'Hi:?‘l r=dode up to
206 H'R.ad.!_a' glchough che latcar has been
di=puted.

Inteeprecatbion of the ifactopica dig-
plaved in FLla. ? 1z complicated by the
gimyltaneous occurrenca of several pro-
CeapEd ., T diezolvas withian tha boik
SAWPlds 1:3;d1|t=u it from withip, and
preszumably, to mome sextent, 1e lncorporated
into the polyathylene by exchange and adgdi-—
tion, Tritium alec irradiates the exposed
surfaces of the POPE, ewchamging with che
surfaca framework and perhaps dacomposing
the ayrfaee by production of meihane,
Flonally, cthe T, gus will exchange with
procium onp the furfares of the fample rcell
iteall snd decospoas Lo methant the carbon-
acequs aidues =144 thers following
cleaning. Table I sbowa thege mechanisms
conaidecsd, along with thelr approxloacse
relativa contelbutions ko H.'! preductdon, as
diacuased balow.

fevag of some fritium ko the exppaed
aurface of the polymer by rtapld exehange
with ©=H bhands (Table I.B.1} would he a
reasopakle”  conerdbution ke the  praciom
evolution obstrved. Full exchange of the
top 1/3 mlcrvon of _surface, abovt thet
chearved  pravioualy, ¢ould,  hedever,
aceount for enly & 0,002 atm of the T, loss
{and H, Incresse}, a small fractlon u% that
obasrved,

Programaiva atching ol the expoged
wurfaces by reduction of polywer to methans
[(Teble I.B.1) 18 a poanible wechanlizn for
lgee of T, and increass of protium in the
gas phase, assuming rapid distribuclon of
fsotopea amang C{H/TY and [(HSTY . A
iniclal alow rcise In nnncent:.uticm =34
methane moted in tha Raman specktra may apeak
for eoma such etching, of wperhapa the top

micren, but this lacgely ceaxar afrer day
% &0 and would account for oonly n 0,006 atm
of protium. 4n equillbrlum process of crea=
tien and redepgaftion of mechane Eepecies
might then acecur gt the accivated surfagea,
effectlvely driving the sxchange of {eoropes
deeper wWwirhla fhe neap mepface.  The depth
ter which such an effect could occur, how—
everk, would scem only a4 few Angsccoms.
Becausa methane concentration 1@ obwerved o
be small, creductlon of call wal) prgapics
{Tsble 1.C.1) 13 wlmo considered small.

The loss of gagified trivium shown in
Flg. 2 i» far geestor chan ehe polubility af
T in rhe pelyethylenz spmple, The solu=
bili:y laccor 18 depand:ﬁlht_lilpun the cry=-
stallinicy of the aa.mple:‘. a.rhd may 'fﬂﬂq
between 0.01 and 0.06 cm” (STRY fem™  atm,
Even ameuming the wmaximem fastor, solution
af T, inte the E&aa:ic would aceouat for
coly a 1.3 % 10 atm loss ¢f T_ over-
presgure, Horsover, digoolved T afgne CET
account for am H, production tete {Table
T.4.1) of <3.00l ate/ 100 days, far less then
that obeerved.

Qo ¢ lefr Eo copelode, chepefore,
that the trends noted in the H, and T
curves of TFlg. ¢ are not primirily the
resalr of diszsolved T, or HDFE surface
effects hut rather derive from incorporacion
of fricium within the hylk of the polymer
(Table T.4.2}% and isotopic exchange with tha
cell walla (Table 1.C.2Y}. Exchangas of D2
gaa with y-itradiated Pgl{?thylenﬂ hae
previcusly been cheerved. ' timilarly,
exchange of T, with the surface pmtj.uilﬂf
matal and glage contaloers 18 well-koown,

If one agsumes that the critiuwm loset
within tha gas phees has beceme fully
incorporated wichin the favple of plascic,
and  then inspeces the rvate of protium
increane, f# G-factor of 2,2 may be rcal-
culaced for H, preductlion ot the end of the
présant anpetlesnt. A signilicant fractlion
of the Llagtk tricium, however, hag been
incorporated mot In KDPE, bBut 1incke the
sutEacea of the =ample call, Assuming the
praviously puklished G{H, ) facror of 3,1 to
be correck far HRBFE, 1t §a deberoined that
29I of the lost T, sr day 147 1 incorpor=-
ated 1in cell syrfaces, The eame procedure
may be appliad to earlier data. At day &8,

Lha amount of TE lost to saurfares is deterp=




wined to be the oame ax at dey_}67.
consiseent with other resulcs
similat
exchanged within 10=30 days.
berwaen days 10-50 In the H, proswure cucve
w1 d
than
ramains esssncially conetance from day 20
anward,
0-20,

Table I,

Some Foaglble Hechanfams Invalwed In the Prezentg

T =Irradiarion of HOFE and Their Eaglmecad Belacivs

Conteibutienz to H2

HIFE BULE REFECTS (avli per T decay)

L. Trradietion Erom decay of disgolved TE:

A 3
(Coty) = Ty A C gy * %My 4Ty ¢ THe

2. Teradiaclen [rom dgcay of fncorporated T:
3

A
T “y [ H 7 + "He

¢ n 2{n-x)

+ Ex=1 H

H
n 2u-k 3

Frodustlon ar Tuwa Tlees

Estlnated Relaclve Contributkion

Ke Hz Froducilon AL:

HUFE SURFACE EFFECES {catelyzud by a high s field}

L. Exchange of purfsce protium!

f
tcuzﬁn + ot ._.{CTI;“ « oH

z 2

. Tacomposlclon o merhane {atching):¥

3
3 — nETh + nH2

CELL WALL EFFECTS fcatalyzed By a hipgh g field}

(CH,) + 2ol

1, Reaductiaon &f ¢ell wall erganica:®
C + 2aT -E CT, + B H
ae AT gm0y T

2. FErchange with cell wall protiom:

HOH + HTE £ wor + Hﬂz

" Hpte thet the pcrambling of H and T Leotopes awmang
product mplecules does ocoour, but 1 not specifimd

This 1z
which show
gurfaces to be fully
The inflzcilon

contalnar

Aﬁauuius
faotope  exchange

ke confirm that here.
cell gurface

[ [J..]
that

tut 1l rvather uncertsln far daya
hapched preas have been Inpertad in
I tn venregent Ehie exchenge. Fac an

inccomencal loge in cricivm concantration to
call walle, an equal and opposite galnt in
protium concentration {from diract exchangs)
in alec plotraed.

Day 43 Day 167
* | ea 4% 0.5 ta 22

LY =807

w47 A 5%

=1 L)

s Tk L H

4 5% ~ 7%

hydrogen dlacomic and methane
in this formule.

The rate of increpee of protive waa
ahown above to be proportional to the anount
of T imcotporated inko the plastic, This is
tefgcnable if aeach T atpm ip the bulk Is

autroypded by =p excasg af H acomg: aslf-
ilrradiatian of Ehe polymer wowld  these
praduca K, alwost exclusmively., In [acE,

digeribucion oF tha T, lasc Lrom the gas
rhasa intos the bulk pufymer winld rapult in
an svarage of onse T atom in v 00 pelymet H
aboms gk dmy 167,

Initially, the amsunt of T incorpaocated
within che polymer wmight be expacted to



Increase sxpomentially following dissclutlon
af T, Iote the organdc fresework. The
llipI‘ifild e han i&m {and apeaciated
g~valuas) below would be rveasonable forp
thie:

PRI U

Esli (o
R-R - B* ¢ R {5y} 4]
R or T, — BT + T (B}

Then: dt[IETI - kLR 11721

and

a1p~y

L sk (20T, I+IRTY) = Wha'31T,0,

where gk_ = (g, + Zp k., ls the tate of
1 i d&

preduceion of ofganle radlcals for s glven
eqancenteation of tritdum im tha bulk, IE
ooe Adeuded @ dbéady etate for {R° ], a con-
stant {T_1 = gas zolebility, and the aboence
of diffusion-control of Equation (3}, the
gbove can be aolved for (RT]. yielding:

[RT] = 2(T,] lenptikﬂt} - 1] &)

The tate of readiclytic H_ produccion
should alee increasa axpman:fall:.* during
this time bacaugei

dFH,]

—£ - G{HE} kEIE[Tzl"’[RT]i =

EGEHEJ kgiTzl exp{gtﬂt}.

and

g - ) U ety - 11 )
e 8 ’

Tha Inftial decreans of gasified T, and
increaga of W, as ween In Flg, ¢ (corrécted
for containey wall ventrlbubion} are fadrly
conslatent wich axpanancial tateg. The Jata
suggaat g v & for che fiver % 50 days of tha
ugeriun:. asduming T, solubility of 0,02
cu (§TF)fem artm.  Thif g-factar 18 larzer
thun that for elkyl radical (B*) praducklsn

-] w ] .'?} previously obsarved in poly-
Brfene,d

«chrlens, but some radical tecombinatcion

bay have coourred fa that study.

The produccion of H, froa dreersdiacdon
ef the IDPE does not continua to increase
exponentizlly wfter day 5. Father, the
production tate alowa toward 8 Cosatane,
gtwady 1ise in H predaure, mot  gulre
arcainsd prior to wany epéctral analyals and
evacyation., The rate of loaw of gas!ified T
alas appears Eo glow berveen (he firec qna
laat 50 daya, Sone sechailsm apparencly
causdes the lncorpocretien of T into the bulk
plastic to slow Erom perhaps an exponentlal
[0 & neatly zaroc rate of rise.

Incacporaeion presumably canpoar secur
vithouk the presence of freshly solubilized
T. or HT meolacules in the bulk plastic.
Sinel caloulacions whow diffusion of eciciun
a8 Llore the plamsecic aloog the glowa/HDPE
interface to be fatcile, tha exposad Chighly
Irradieted] surfaces do not prevent tritdum
&nbry, Eelsmpa of H, from the Lrradisted
HDPE aight inmhible Eﬁa entry ofF T, ar HT
nolecules, agguring that aolubion Bftes for
Hor HY, and T in che polymer meeciz ars
l;mited in nuuﬁur and espentlally tha #ome
AL v 1 gtm prassure. The A, OukgAssing raE?
atgth: end of che experimenc 1s 1.5 1 10
em” {STP) M_fs. Ome can derive Erom Fick's
law the concemtratlon profile of H, within
thie outgaaeing asgmple. For a cyﬁndrical
peomebry {caleulatione guppese Ehat  flur
along glass/polywmar  inkarface Bhould be
lgrge in comparisocn to oucgasaing rata), one
mEYy write:

2
i1 i 1 dc (&)
T = 0 (Br + . E) + E,

whare ¢ 18 Che concentreclon of H, in
polymar sk time t and r, the radial diaiam:a
{tom the axis, D 18 the diffuglsn conatant,
and G Im the rate of production of radle-
lytic I'lz in the bulk. Assuming an affectivae
standy-acate amd 8 uniform distribucion of
H, production, sus tquatas the left aids af
Eauatien {6) to zare and chtains the differ-
ential wguacion:

ey
|-
wiu
- e
L]

1

1
,
L=}

o



If 1t ia slav apzumed chat s gpmple
radlua H, ¢ = &, whers & 13 Ehe concen—
tratlap at lJ-‘-’EI.'guEIEI pregaure, amd that, [or
contdnulcy,

%

ar - O at r =1,

che Lol luwing solutlion 1e obralned:

e-c G (R - ¢} )

Frem Equaciop {8) abova, and weing P aa
decermined at one approachlng zera
cuncentratinn.zf’%'iztrl the concantrtationm of
H, at the sawple meis oo diy 167 may be
sﬁcrun to he ebout two Eo three times the HT
+ T, coneenktration &t the wampie perilphery.
Substantial K, ceoncentracions within che
sample could cavad & lowering of hydrogen
aolute's diffuaivity, &ince a [illing of
leag energetically Favorable diasolutlon
mites may likewlse drivrs diffusion across
higher potential anergy barriere. While
T-irradiation of polysthylens has been shown
not kg affact hydrogan diffusivity up to IE'H
MRad or eBclubllity wp to 3D MREad,
concentratlon-dependant diffusivity ham been
ooted previously in ssversl syatems snd may
ke m%‘ewlemral than nomally recog=
nized. "' Wigration of dlésolved KT ot T
inte the plaskie could thus have been more
difficelt the deegper Che penetracion. In
this way T Incorpecacion Ln the polymsx
could have been algnificantly ilmpedad cmce
the H, production rate hacama appreciablse,
ﬁudlaél,nfn damage rabke te the bulk of che
plagtis thersfore may esoentially Be aslf-
limiting, a8 suggested by Fig, 2, ERemowal
of gll wolastlle T, from the system at day
187 iefc only ineotporsted T within the HDPE
Frameweck; radlolytdc H, producticon cemained
linssr 10 cime theteafrer,

A crosa-sectisn suteradiegraph aof che
irradisted sampla, pecforoed mfter day 224,
ghowsd that locorporated crlciem  {and
prosumably radistion  dsbuge]l  was' more
concentraced toward the gample periphecy
than on exls. This Eends to suppart khe
concantretion=depandant diffusivity argu-
nent above,

Fludraacengy

The appearsnce af  ehe  Fluatascenca
cutve Eor the bulk ADTE showm in Fig. &4 14
qualitacively simllar to tha H relepgs corve

of Fig. 2. Thi¥ would appear ressonable, as
dimagéa to the plasrie zhould be propoctiomsl
to the H, celesged, irself propotclomal o
the doase reeedved. The llok hetween damage
and flucrescence g, however, complicated,
Te dose dimpartad to the bulk plastic,
averaged over the teotel bulk, oBeY l}vl'2 cal-
culaced from H, relaase (o ke 1,8 5 M) HRad
at day 1£7T, 5Enr_a palyethylene la 1-(_!-“!3 E-E
experlance gevere damege from ~ 107 HRad
v=radiation, tha darkesmling, shrinkage, and
crazing of the sample essn hare 1P axpacbed.
Upon Irradiacion, golyethylens has  becn
shown o desaturate as well o3 craselink,
the laceer belng tEe dominant mechaniam For
mechanical damage, but the former, slong
with the peneratlan af stable Peec-radicals,
uhdoubtedly glving rilge o the observed
fluorescenca. The productlion of wvarlcous
unsaturated zpecies I koosm Lo occur in A
v field. laclaced trans-vinvlena groups
appear to ba formed initielly as a Iinaar
funecion of dose, a9 are conjugated dfensg,
vhila tf enea  are  formed a8 the dose
dota Tad . Doge depemdescies oF Eormation
of higher polyene conjugatlons cen only he
sEtrimated at presemt, hut Are suraly non-
linear, Radical eperles af 32ﬂ!_.‘ul:r.ifh:am:
lifetimes can alsc ke Eormed.” ' £11yl
tradicals {n=1)

4HC = CHY. Ch-

ara foreed wich & tuearly linear does depen-
dence, and higher polysnyla {n-l) dlupﬁyﬁ
dietiactly non=linear dependence.” "

Flucregcence from gny of these alectronl-
cally—excitable ppecles redulicesd that ¢
diaplay msme abacrptlen 1in  ite wisible
spectrum at the 514.5 pm green lager Line
amplayad heara. Althouwgh all of tha epacias
nated abowe have abmorbance marxima wall Into
the uleveviclsc, low enecgy teils from cthe L]
bande appsat to extand inte the visibls.

It has besan shown chat Cluctascancs  (UY
exclitnd} [rom & y-lrcadlaced polycchylene
pmple im Er%urtinnil ta vinylense prowp
concencracton, vp to v 10 HRad, Beyond
thle dome, [viny¥lena] approaches a limiting
value and polyeoex beglo Lo cunttﬂugf
talatively wore to toral unsaturacions.”

Tha UV sbsarbancs maxima of kighar ordar
apem‘.sf Sppacr clomer ta tha exicring lasar
lins.”™* Viedkle flyavescknce dhould thus
brcone more efficient wich IneTessn in dess,
It is them & kit wsurprieing that bulk
Fluprescwncd dosd not Incréaks avds noca
capidly in tice than the rediclytic K,



erolutjon cucvs. A& has besn showm, how=
ever, the hlgher order polyenes themaalves
ara formed with rather poor efficiency,
their concentracloos belog = 0,1 clsw=s rphec
of vinylani.jiienn. allyl, or dlenyl specles
ar 100 MRad.

The prerence of radical polyeses or
padical don color centere im the irradiated
HOPE f5 indicated both by the color change
and ﬂuﬂlnsa of fluoreseanca upon annédl=
ing. The rapidiey wich which che HBEE
caloration and fluosrescence disappear wpon
hwating 12 peeowmably caused by o lavge
lnereade In moblliey of polymer chaine and
hydrogen gas within the materilal, ming
racombination of rtadisals or isme- The
ovarnight tecovery of sample coloracion may
indicate an sfficient trapping By polyenes
of radleals génepztad along B tracks or
[aclle Llenlzaclon of polyenga, leading to
some steady-atate concentration of regulcing
sp-ti&i.

As expected, FEz. & shows char radi-
ation damage At the sxposed surface of che
HPPE somple weéi Jarger chan chat iIn the
bulk, By_ analagy with & previous cal-
culagion, it can be shewm that radiation
Elux ar 2 planar gurface of & magerin]l Erom
an cf fearively infinleely déep and broad
pupply of critium gaz above the material
ahould be “E  fhy, where E 1a the Hrfr_'ifiﬁ
4l ume actil.ril::.r of the gaau in e¥ Eer cm
and H_115 the linear absorption coefficlent
in em arm © for the gas, The applicacion of
the concept aE y bo brdicium A radfation 1s
oot stcicily correct. but haamhaeu ghim
resdonable st least [for gasea. A colunn
of effactively infinite depth but regtricted
radiuve ' {such =8 In the glase Luba owf the
present experinent] should Impart a amaller
flux, F, at the ceoter of a surface perpen—
dicular ko iBa tubhe axis, equal ta & /§u in
this case, IF the pormal to ehe gurface
18 lpclined Bt an angle ¢ ta the cubke axia,
flux should then roughly be F ° cow 4.
Becauss im I:'ll& 'pt:Eun'I: anparinent 4. = 45
and g = 2 cm atm far ®Both W, and T..
the Elux_ at tha EL.II.HEE' uhuul} hava %Eil‘l
~ ¥k 10 Y day + Backscattering ot
recnlaeion was seall. The range of the
AVALAER ttittHa in che HEEE hete should be
.44 micronn, Thie velue may amctuslly be
an uppdt bound for che effwctive damage
layer, me the ppactrvm ofF the lopingiog £

potticleas Ahould bt welghted toward lowser
enecglen,  glven the partial sbsorption by
the gas Bowghly, ever, 3 dome rate o
iox mH ey darjlc:.tur or 7O BRad 4.,'f
should have been imparted in the topmant B
pencrration Jayer. The "near-surface” lader
excitatlon, which {llundnaced a depch of
' B microna, eampled HOPE material inﬂf\ich
the avegags dose rate wae ™~ 3 x 10 o¥
day om T, ddeeing regligible twlk ﬂ'"'
Th!:,‘dasn 4t day 50 ey thus 1.5 x 10 ey
cg . By sonmtrasc tha bulk dose ac day S50,
decarmined from tha H ﬂchr.ium curye. im
calevlared ra be 1,3 = 10 e em . The
vear-gurfare to bBulk doaw rata ratio should
thus be =~ 10, while the obgerved [luore
seance patie la 5. The discrepaney Eaceor
becwesn caleulared dose  and  phaeTved
{luareacence ratiog 1f about 3 from doys
E0-120. Dbasrved nedr-surface Eluorsssetes
ie always lpw, Discrepancies at earlier
tiwes appear largmr, probably bwcaume aof
uncertainties in the ‘H2 wvoletion curve, but
are still zlﬂ.

The dlecrepanclies may Indicate that the
contribucion Eo  MNuprescence from  doses
»»100 MHad {8 leae efficient than at lowar
doseg, A8 noted hefore, wnoeaturated group
concentrations tand toward limicing walues
with dose, The near-surface flucreacence
curve paraliels that of the bulk after day
% 40, This way suggedst that the surface
sontribution €0 fluersscence had  iondesd
reached a limiting valus &t about EE“ 1:1“;_3
The surfsce -iﬁaa at day 90, & x 1077 ¥ cm
or B.5 x 10 Rad, ecould acoount for come
flete desaturation of the .44y HDPE layac
if an sverage g-valua for uresturstion af
1.1 wete sssvmed. This conkrasts with cha g
(vinylens) of 2.5 3 the beglnning of an
irradiotion of ADPE. Surely then, st day
90, a large perticn of the sucface B-rangs
layar was drastically altered. ZSoms of tha
digcrepancy sbove may alsc ba stiributed to
¥ durfscy etching mechanlen suggortod in the
previcus esctlon. An  #e¢h  tate of 1
mlnrm!ﬁﬂﬁdaﬂq togetber with & uw  (HDFE) =
1.2 = 10 ocm "y would decresse Ingegraced
sutfuce Jdose by 25-50% during the first 6O
daye. Uodetedtination of bulk dose opor the
gemple pariphery may slao contribute o the
discrepancy.

Following ramoval oF the HDFE manplae
Etom the critiun irradisclon apparatus, &



thin % [0 slevon band oF davkened matseial
waa ocheerved to "coat"™ the cylindrical
surface of the plastlc. Since A semple cell
valume calibration had been pecfommed wich
alr some 2 menthe earlisry 3loce m micro-
infrared asilj.rsi:ﬂ ahgwed that the absorbance
at Ly0d e¢w ", & kngwm band of Ehe C«} pgrowp,
wayg largat nesr that surfaca, acd aince that
band  dntcesased  overnight when  Eurther
expoged o air, the discolored layer 1s
accyibuted o gsidation af the irradiated
métnrial dugipg volome calibreacian. Ouypgan
appears [0 have milgeated along the
HOUPEfglass interface whote the wmaterlal
peparation distanca was snall bue MMalfe.
Given this migration, @, peobebly diffused
ints che samplae, with slmaleaneous scaveng-
ihg by organlce radicals, o cthe A 10 micron
deprh ohgerved, A¢ the optical abeorbance
bands wf polyene-aldehydes or aclde cand co
fzll cloder to the wvizible reglons of the
spectrum  than o of polyenes of cow
parabla length, the teletlvae darkening of
the layer ia ve#sonable. Craater [lucres-
cence obeerved [rom this boundary layer than
that from the cencer of the thln diac
gestion, even whenm apnealed, is algo con=
piatent with an cxidation incarpretation.

CONCLUSTON

lrradiation of high=-denszdty poly-
athylete by an & 1 ptm overpregoure of T
E&5F 3t 21 1 Z°C hae bean mhowm Lo produce
eevere damage, « 2 MEad dose, wlthin &
monche., Production rate of R gag from
ircsdiation due to polyme:r T fncnrpnrntinn
increaged quickly wirhjn the first ? moncha,
afeer vwhich ic slowed conglderebly. It was
propeEed that ourgesaing of M, acted to
sobibic diffusion of solubilized HT or T
intos the bulk, theraby limicting incéréases in
polymer T incerporation and thus damage
tate. pamege to the HDPE sanple was £ound
ko be nonuniform. Lager f[luereacence fvom
the sample surfﬁcc irtadiated by a supply of
T, Bgae was ~ 107 =fold greater in the energy
déposition layer than the fluooreacence fyom
bulk polymer efter 2 monthe, Thia factor
war within en grder of magnjrwde of caleul-
4tad dosdgesr To aurigca sud bulk. Flysre-
scence from the bplk, apparently caused by
unsaturaked polyeng groups Formed during
irrzdistion, grew ip time abeut proporelan-
ally Lo H2 generation and thos dese, An
wppreciable concentration of radical or
lon—=radical polyepes Af rooh  Lempersturs
could Be recomhined by hileaching for 13 mip.

at WlE0*C: theass apecies appeared to Tafomm
overnlght a8t Toom CEMpeLRLuTE.

Tha natura of che mechanlem proposad
abevre for cha inhibitdon of ever—-incrsasing
T incorporation and thus dose rate 1s
aubject te eome Qquestlon. The evldepoce
alene, houever, Pupggestcs that an ocubflux of
H, could be ugefy]l in this prd other SyBLend
(where the H_ putpes could ke tolerated) to
redoce damags and concsslnaclon of materiels
by T, gas, Ipvastigatlood of JL0Ffukion in
che FI./HOPE systen as & Eunction of
conccn%ra%ion should bz  undexgaken ey
elarify the present sbiscvaclons.

Chavactazizacion of wnzatutated groups
pregent Lln T_=irrgdiated HEPE and corra=-
letdon with observed fluoregecence ig alec of
intereat, Particularly, the nature of the
apeties which era readily blesched buc
return  ovarnight 1 Inecigudng.  Ultra-
visletfvinible epectroaceopy Sould  thelp
settle s2uch questlons.
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