Scintillator studies with MeV charged particle beams
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Thin scintillators wsed as detectors of escaping fusion products in the TFTR tokamak are
studied with Van de Graaf beams of 3-MeV protons and 3.5-MeV¥ alphas, a5 scintillators are
found generally adequate for the D-1) experimenis performed up to now, marginal for near-term
DT experiments because the emitted light saturates at alpha fluxes greater than 10 cm %51,
and todally inadeguate for future ignited plasmas. Oiher scintillators have been tested that have
bower light efficiencies bui much betier properties al high fluxes. In particular, the P46
scintillator appears to be an excellent choice For fulure experiments,

L INTRODUCTION

Studies of the light emitted by several thin scintillators
exposed to Van de Graal charged particle beams ane pre-
senited. These studies aim at characterizing the ZaS scn-
tillntors used in the TFTR tokamak to detect escaping
charged fusion prodocts’ and at identifying scintillators
sultable for fuliere D=-T expenments. Prebminary stodies
with ZnS scintillators suggested a light saturation at high
beam currents.? We extend and clarify these results in this
article, and study scintillators that have better propertics at
high particle fluzes. In Sec. [T, results on beam current
density dependence, relative light efficiencies, time re-
spomse, lempernture effects, and radiation damage are pre-
sented, The implications of these results for future cxperi-
ments and the most likely cavse of the observed saturations
are discussed in Sec IV,

Il STUDIES WITH VAN DE GRAAF BEAMS

The expeciments are done al the Los Alamos [on Beam
Facility in & vacuum chamber sketched in F:ig. 1. Dretails of
the experimenial procedure have besn given 'pn:l."n-mui[y.-‘
The cnly nddition in Fig. | is that an iris of (.5 cm dinm-
efer is ploced in front of the light-collecting lens train to
limit the intensily of the scintillator image on the photo-
cathode of the photomultipller tube. This & necessary 1o
avoid a saturation of the tulbe outpat at high light levels
that bed to overestimates® of the scintiflator nonlinearities.
A limear PM pube response i now obtained gver Lhe entire
intensity range of inmterssi, when checked with wvarious
Inmps and with o photometer,

Diata are presented for four different scintiliators re-
ferred as P11, P31, 52370, and P44, The PI1 is a bloe-
emitting ZnS:Ag phosphor chosen for the st TFTR
detectors.! It has the highest light efficiency, but only at
low temperatures. The P31 i & green-emitting En%:Cu
phasphor ussd in present TFTR experiments. These ZnS
seintillators are widely vsed in oscalloscope and color tele-
vision sereens. Two yellow—gresn phosphors are also sted-
jed: the Sylvania 2370 is Aan  yHrum vanadate
(YO V:Dy) used in Auorescent lights and the P46 is an
witrium aluminum garmnet (Y400, ,:C) ased i Aying-

2459 Rey. Sci. Instrum. G4 [9), September 1993 0034-6 748/ 503 764(9)/ 2455,/ 7/$5.00 @ 1993 American Instihate of Physics

spot scanness. All the above phosphors are powders of
I-10 e grain size and 10-20 wm averape thickness de-
posited om guartz substrades (2.5% 25001 em).

A. Dependence on beam current density

The scintillators are orientsd at g=20" as shown in
Fig. 1. This choice for @ approximates TFTR experiments’
in which charged fusion products are detected with inzi-
dence angles of 15°-20". ¥an de Groaf beam carrent scans
are performed in the range 1071075 A, Most scans are
made sith 3-MeV protons and & few scans are made with
1.5-MeV alphas, These jons are the main light-producing
fusion products in TFTR DD and DT experiments.! The
resalts of the cacrenl scand are shown in Figs. 2-5 for the
P11, P31, 52370, and P46 scintillators, respectively. Each
dita point tecords the light output of the seintillator in
arbitrary units, from a 30-60 5 exposure to o stendy-state
beam. All data are oblamed with identical I'M tube voliage
{0.25 k¥) and preamplifier gain {10*). The symbols cor-
respand to varioes mmpacted scintillalor areas A indicated
on the figures. Beam aperiures skedched in Fig. | are used
to vary A, from 0,15 to 2.3 cm’. The hollow symbals refer
to protons and the solid symbals refer to alphas. There are
factor of two uncertainties in the absolute magnitode of

FIG. 1. Sketeh ol the Van de Creaall vacuum chesaber and of the sager-
imental appanare

Downloaded 04 Dec 2001 to 198.35.6.98. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



10

!

Light Gutpaut {.i)

i

1 i ad bl i
il i Find 10T e
Cisrrent Density (Alom?)

FI{d. L Light asiput of the P1{ somtillsior es funetion of 3-MeV pratan
beses cureent dessicy.

each data podnt due to beam Auetualions, 0 errers in the
ectimations af 4., and to vanations in the scintillator lo-
cation that is impacted and associatsd variations in light
callecticn.

The P11 scintillator has & linear light output up Lo
J=82010~% Asem® and then saturates, as seen from Fig. 2.
The onset of saturntion corresponds o & proton Bux
M=/ Ze~5%10" cm~ 3", where Z is the projectile
atomic number. Each proton deposits A= 1.9 Me¥ into
the scintiliator powder, 50 that the onset also corresponids
to & power density P4, = AET — 15 mW/em®, The protoa
data of Fig. 3 show similar trends for the P3)] scingillaior,
with e somewhat lower onset of saturation (about 5 10°%
Adem®. 3% 10™ em ™57, and 10 mW/em?), The alpha
data of Fig. 3 abo show Hght saturation beyood
(34)x 107" Ascm®. This onset correspords to 10
em ™" s~ and to & mW/cm? since each alpha deposits 3.5
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FIG. % Light cutpuot of the P3)] selnillites s functiom of beam current
cierily, The hollow symbals are for J=Me’ prodans and the solid symbok
are Tor 1,5-MMe' alphes
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FIG, 4 Light owiput of the Sylvania 2370 scin@flites 88 Ninction af
3BV Beam current densily,

MeV into the sointzllator powder. The 52370 data of Fig. 4
show light saturation at higher current densities, bevond
about 1077 Asem?, Finally, the P46 data of Fig. § suggest
& Hnear Bght outpul in all cases, up to the Van de Graafl
upper limit of about 10~% Asem®

B. Relative light efficiencles

The relative light efficiencies of the scintillators can be
roughly estracted, sl given current density within the lm-
ear response region, from the data of Fige 2-5. The P11
and PY| scindillators have similar efficiencies, os s==n firom
Figs. 2 and 3 and as already reportad,” The $2370 and P46
seintillatos alse have similar light eficiencies, Jower by fac-
tars of 10-30 relative 10 the ZnS scintillators. These esti-
mates suller from uncertainties in beam location and in lon
energy deposiled into the powder. In addition, the ZnS

Light Output (e

s

Curnent Dersity (o)

FIG. 3. Light output of the P46 scintiflator as fanction of beass curnen)
density. The bollow symbols are for 3-Me¥ procoss and the salid sysstols
are for 13-MeV alphes
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FIG. & ¥ollage traces showing (a) a chopped 3-MeV protan beam cur-
pe=t, () the response of & Sylvanm 2370 seintillasor, and (2] the responss
ol & P4& seintillasor

scintilintors have a thin aluminum layer betwesn phosphor
powder and quarte subsirate, unlike the P46 and 52370
scintillators. This aluminuwm layer reflects some of the
emitted light and increases the scintillator brightness by
ahout a factor of 1.7. The relative light efficiencies are more
nceurately asseseed in separate experiments with a Curium
alpha source and with scintillators without alumimem
layer. The Curiam source” is placed in the beam direction
1 e in front of the scintillator. Measurements are taken in
vacuum with the scintillators oriented at =45 Taking
into account the spectral response of the PM tube, relative
alpha light efficiencies of 1 for P11, 0832005 for P31,
0,08 = 0.00 for Pab, and 0060001 for 52370 scintillators
are ohiained

The ratio of alpha 1o proton light cotput for & given
scintilintor is also of expernmental interest. Such ratios can
be obtained from Figs. 3 and 5, at fixed particle fAux (/2]
within the linear response. A ratlo of about 1.5 is obtrined
from the P31 data of Fig. 3. This & consistent with the
mesumiption that emitted light is proportional to absocbed
power which, at constant j/Z, scales as AE=3.5/1.9=1.8,
A ratio of about 4 & obtained® with a P31 scintillator half
as thick as the one i Fig. 3. For this case, the relative AF
is L5/0.84 =42 The P44 data of Fig. 3 yisld a mtio of
ahout 4, also consistent with absorbed power since the rel-
ative A is 3.5/0.9=23.9, These resulis suggest that alphas
and protons yield equal amount of light in a given scintil-
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lator per unit power deposited within the phosphor pow-

der,

C. Time response

The scintillators must have » fast time respomse Smoe
iokamak instabiliticss can modulate the detecied signals
with oscillations in the range 0-1 MHz.! A chopper is used
to produce Van de Graal beam current polses of 1-us do-
ration and of 1-nA amphitude at selected time intervals, An
example of such a square-pulse traim with 12.8-us period is
shown in Fig. 6(a) from a fast Faraday cup. The responses
of the P11 and P31 scintillators to this current waveform
have been reported.” The responses of the S2370 and P46
soinfillntors are shown n Figs. 6(b) and 6{c), respectively.

Typically, a scintillator has a relatively fnst rise time
and & slower decay time that lmits high-frequency resolu-
tion. An average 1/¢ decay time v can be ohtnined from
traces such as in Fig, & One obtains r;= ﬁ.-"|l:lglf_l".|f.r'1"',,.!'..
where § is the time interval between pulses (11,8 pes in Fig.
6) and ¥y, and K, are the mazimum and minimum scin-
tillator amplitudes, respectively. This expression yickds 74
valaes of ahout 9 ps for P11, 18 ps for P31, 30 ps for
52370, and 0.1 us for P46 scintillntors. The ratio Fyd F,
decreases with & until the modulation disappesrs, as illus-
trated in Fig. 7 for the P31 sinfillator, A practical upper
limit on frequency resolation is about 47y, This bmat s
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44, 022, 0,13, and 40 MHz for the PL1, P21, $2370, and
Pab seintillators, respactively.

0. Temperature dependence and radiation damage

The TFTH scintillator detectors are ocated very close
to the plasma surface, experience high heat loads,” and
must therefore operate at temperaturss of up to J00°C,
The reletive light cutpuis of the PI1, P31, 52370, and P46
scintillators as functions of tempernture are shown in Fig,
8, The Pll and P31 curves come from  aciual
mensurements.* The $2370 and P46 curves are reproduced
from = Sylvanin technical note” and from a journal articks,®
respeciively. All seinriliators bul the P11 have acceplable
light output within the range of temperatures of exper-
menial interest.

The scintillators experience, to varicus degres, A per-
manenl feducton of their light output from radistion
damage.” Energetic ions causs atom displacements and lai-
licz defects in the scintillator powder that promots nonra-
diative energy losses, Hence, the emitted light decreases &
the ionic flusnce (W= [TA# incresses, The cumulative
fisence 3 recorded during the Van de Graaf current scans
of Figs, 2-5. From time to thme, the Bght output of the
seintillator wnder study 5 measurs] o0 moderate
{10-"-10" A/em®) current densities. SuMficient time in-
tervals are allowed to insure that these mensurements are
made arcund room temperature. The relative light oulpuls
of the FL1, P31, and P44 scintillaters as functions of 3.53-
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FIG. (0. Refatiee light ooiput of the P31 and P40 sciniflabors a8 Tune-
tioms of Auesce. The solid sy=Sols ere for 3.3-MeV alphes and 18 holiow
symbois are for FMeV prodoms

Me¥ alpha Auence are shown tn Fig. % with varous sym-
bols, The solid Llne s the empiclcal expresson
(1+43 10" N}~ propassd by Brozer and Kallman for
Za8 scintillators.” The P11 and P31 data show similar sub-
stantinl reducticn in light cutput beyond N—10" a/em’,
in rough agreement with the empirical expression. On the
ather hand, the P46 scintillators show little decresse in
efficiency up to about 10" a/em?,

Radiation damage can also be observed as function of
time at high current densities, The lHght ouwipuis of the
szintillators are recorded as functions of time during expo-
sures ol several minutes 1o steady Yan de Groaf beams of
iﬂ_:l—'lﬂ_ﬁ H.,."'r:rni. In zome= cases, the output decresses
significantly efler omly n few seconds, The relntive light
outputs of the P31 and P48 scintillators as functions of
Auence (lime) ane shown in Fig, 10. Results similar to
those in Fig. 9 are obiained. At & given fueence, the 1.3-
Me¥ alpha damage is substantially Inrger than the one
caused by 3-MeV protons, as espected from ke heavier ion
mass.” One should note thal temperature effecls may play
g role in che data of Fig. 10 since beam heating is
significant at high current deosities. For example, a 3-Me¥
proton beam of 107" AJem?® current density corretponds
to a power density of about 1 Weem® Into a P31 selatillator
powder. This resulis in a temperatiers rise of abour 100 °C,
ae meacired in the back af the guartz substrate with a
thermocouple.

1. DISCLUSSION
A, Sointillators as fuslon product deteciors

The ZnS seintillators have been the first choics for the
TFTR detectors of sscaping charged lusion products be-
cause of their high Hghl eficiencies.” The results in this
article suggest that these scimillatess are generally ade-
qguate for the D-D experiments pedfoemed up o now. In
these experiments, 3-MeV protosns produce most of the
emitted light, with iypical floxes of about 52 10 em 2 5~!
IMHD instabilities cause occasional fux incresses of
3-20) and total fuences of about 10 e~ 7, Hence, ZnS
scantillators have & linear response and negligible radiation

Scintllators for charged beams 2482

Downloaded 04 Dec 2001 to 198.35.6.98. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



damage in these D=-I experiments. The P31 scintillator
retains high light eficiency at the desired operating tem-
peratures of op to 300°C. It kas a selatively slow time
re=sponss, bat its frequency resolution of up to 0.2 MHz
permits detection of most tokamak instabilities,

In future D=T experiments, 3.5-MeV alphn fluses of
up to 53¢ 10" em~? 57! nre anticipated (MHD instabilities
oy atill cause occasiomal increases af 3-20) and todal flu-
ences may reach 10" em =Y. The P31 tight oatput will be
sublinesr (onset at about 10" em~? 5"y and its lght ef:
Bebeney may decreste by 30% from alpha-induced radia-
tion damage. The dats in the article should be useful to
scoount for these effects, The P31 scintillator would be
elearly inadequate for future ignited tokamak plasmas. Al-
pha Auxes of 10" em =% &~ and fluences of 10°° pm 2 per
ITER" discharge are anticipated. The P31 Lght outpat
would be iodally saturated and s hght elficency would
decrease by more than ome order of magnitede per dis
charge.

The P46 scintillator appears promising for near-term
TFTR D-T experimenis and may even prove ussful in
future ignited plasmps such as in ITER. The P46 is well
known in cathodoluminsscence applications for s fasg
time response,'’ for I8 umsually good Lhermal
properties,'? for its linear light output up to very high ex-
citation densities,’*"* and for its exceptional resistance to
mdiation damage "® The P46 data in this article confirm
these podential advantages for Me¥ charged lons: capabil-
ity of resolving signals of 40-MHz frequency, of operating
at temperatures of up to 300°C, of linear output up to
alpha fluxes of at least 53¢ 10" em % 5", and of little re-
ductinn in light efficiency after alpha fluences of 10" em =2
However, significant radiation damage would still occur
after many ITER-like discharges. In addition, the rela-
tively low P46 light efficiency (0.1 compared to P31) may
resull in unacceplably low signal-to-nodse ratio if parasitic
light B substantial. Meatroi-lnduced lght from noelear
reactions into the scintillator substrate or into the fiber
optics are believed 1o be the most important sources of
parasitic light."® In any case, the limiting factor in future
ignited plasmas ix likely to be fiber optics blackening from
radiation damage."

The 52170 scintillator does not appear to be as good o
choice as the P46 scintillator for fokamak detectors, The
82370 has a ruther slow time response, a low light effi-
ciency, and a linear response over a limited range of exci-
tation densities. Oiher scmtllators may prove wselful as
tokamak detectors of scaping fusion produsts. For exam-
ple, the P47 (Y,5004:Ce) and the PXBT (Y ALDGo:Ce)
are blue-emitting phosplvers that have fast dme eeponss
and that have light eficiencies larger by factors of [4-2.0
compared o Pdé scintillators. They may prove good
choipes if their linesrity and radiation resistance are com-
porable to those of P46 scintillators. Whether to use a
green or & Blue scintiltator might then depend on the origin
of neutron-induced fiber optics lumdnescence, which re-
mains unclear.'”

463 Rav, Sol Instrum, Wal. 64, Mo, 8, Seplembar 1993

B. Origin of the ZnS nonlinearities

The saturations of the light emitted by ZnS scintiila-
tors at high corrent densities (ses Figs. 2 and 3} are not
surprising since luminescence from Me¥ ions is similar 1o
that from 10-20 keV electrons {cathodoluminescence)
whers sublinearities are commonly observed. These sublin-
carities at high electron beam current densities are o seri-
aus problem in mamtaining color balance of lelevision
screens.'™? Sublinearities have also been reported when
Zn8 scintillators are excited by intense UV light™ The
onsets of snturations occort ™2 at power densities of 1-10
mW/em’, similar to those in this article.

In ate of numerows obserwations over many
decades™* the origin of the above saturations is not com-
pletely understood, Traditionsl hypotbesss™ include ther-
mal guenching af high temperaturss, efficiency decreass
through mdintion damage, electrical charge effects, and
saturation of lumdnescent centers. The results in this article
albow to discard all but the last of these poteniinl canses.
The Zn5 temperatures cannot increase by more than 10—
20°C from absorbed power densities of 10 mW/cm® and
typical fluences of about 10" em ~ are too low to account
for the onsets of the saturations.” Some current scans with
chopped beams of 104% duty factor show identical satura-
tsom onsets as m Figs. 2 and 3, Eadiation damage is sab-
stantinl only at very high (1077°-10"* A/cm®) current
densities,

Blecirical charge budbd-up on the seintillators s soome-
times believed to be the main cauese of the observed
saturations.’! Charges between phosphor powder and
guarte subsirate are thought to  be particulacly
deirimenial ** Seimtallwtar |:1'|.u.r];i|:|E m:rt.u'mly ocouTs in the
experiments reported bere. Video recordings show spectac-
ular sparks from the scintillator surface to the aluminom
holder at current densities greater than 10°* A/em®. Thin
aluminuwin layers between £nS powder and guariz or in
fromt of the ZaS powder are effective in eliminating sparks,
but they do not appear to modify whatsoever the observed
safurntions In addition, one should note that the P36 scin-
tillators have no aluminom layer, show considerable spark-
ing. bt remain linear at high currents,

Photolominescent excitation provides additional indi-
rect evidence that charge effects are not responsible for the
observed saturations. The P31 and P46 scintillators are
cxcited by TV light from a 30-%W mercory lamp as shown
in Fig. 11, The light is filtered [(Corning filter %863), at-
tenuated (Ozrlel MDD, Glver set), and focused on the scin-
tillator orlented at =45 The tmpacted areas are varbed
in the range (.15-1 em® by changes in the location of the
focusing quartz lenses. The relative light outpats of the P31
and P4& seintillators as functions of UY excitation density
are shown in Figs, 12 and 13, respectively, The P31 scin-
tillator displays saturations similar to those in Fig. 3 while
the P46 remains lincar in all cases as in Fig 3. These and
other™ photoluminescent data suggest that the observed
safurations are wol due o charge effects.

Saturation of lominescent centers has been proposed™
a4 the canses of scintillator sublinearities. Excitation creates
electren-hole pairs in the ZnS powder." Recombination of

Seindlliators for charged beame Sk
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thess pairs excites the activator bons (Ag or Ca). Visible
light is emitted when the excited impurities retum fo
ground state. Activator ground-state depletion' ({also
“frue activator saturation”™) can occur af high ex-
citalbom densitles. One can crudely estimate the incident
power denaities necessary for saturation, The activator sur-
face densities pre shaut 10" em—? for eoncentrations of
10~ g atom per mole Zn% and for thicknesses of !ﬂ]pm.
Hence, the maximum excitation rates are 10 cm =% ™!
since decxcitation times are 107" 5. Ebectron-hole pair cre-
ation (7.6 eV in ZnX) at such rates would require power
densities of 100 W./cm® that exceed by four orders of mag-
oitude the power densities at the onget of the saturations.
Hemee, it appears that true sctivator saturation is unim-
portant in the initial part of the observed sublinearifies.
Hecent cathodoluminescence experiments™ in which
the potvalor concentration is varied also copciude that the
onset of saturations cannod be explained in terms of true
gctivator saturation. Instead, nonsadiative (Auger) decay
processes wppear most lkely: when a sufficient density of

e it 1

UV Excitation Density (a..)

FIG. 1. Light owput of & P31 scinillice s fusstion of UV
encliation density
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FIG 1L Lﬂ outpul of & P4S scintflabor & [esclion of UV
excitatson density,

exciled activator ions is reached, Coulomb interactions be-
paesn 1wo of more activator ions can resalt in desxcitation
without visihle emission. Such nonlinear losses have been
medeled'? and found in good agreement with same scintil-
fator sublipearities. A thres-center Auger process has been
peoposed to explain the onsets of saturatens in P30
seintillators.” Howeves, a definitive mode for Zn3 scintil-
lators 18 mol vet available and is beyond the scope of the
present article
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