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FLUORESCENCE AND PHOSPHORESCENCE
~ OF PHOTOMULTIPLIER WINDOW MATERIALS

UNDER ELECTRON IRRADIATION

W. Viehmann, A, G. Eubanks and J, H, Bredekamp

ABSTRACT

The fluorescence and phosphorescence of photomultlpher window matenals ‘
under electron 1rrad1at10n have heen mvestlgated usmg a Sr90 YS’0 beta—em;tter - .'
as the electron 'soﬁrce.- ‘ Spectral emission curves of uv-g_rade, opticél-grade

and electron-irradiated samples of MgF, and LiF, and of Can, Ban, Sapphlre,

Fused thca and uv—-transmlttmg glasses were obtained over the spectral range

of 200nm to 650 nm. Fluorescence ylelds, expresSed a‘s the numbelr'ofl -coq_nts
in a solid angle of 27 steradian per lMéVl 6f incident élecﬁi‘oh enéfgy depdsited
(MeV'1 (e ster)'1 ), were determinédon these matenals ut111zing photomult:pher
' tubes with cesium telluride, b1alka11, and tr1a1ka11 (8- 20) photocathodes, respec-
. tively. Typical yields observed withia uV/V131b1ersens1t1ve b1a1kah cathode ra.nge“ '
" from10MeV-1(27 az;ter)‘1 for uv-grade MgF, to 2200 MeV~1(2r ster)‘ for CaF,.
For comparison, sodlum—act;vated cesium ;od1de, one of the most efficl:i‘ent”
scin;cillator materi.als, yie.lrds aboﬁt T00MeV-1(27 ster)™!, I;Iigh-.pu;ity fhéeﬂ
silica has the lowest yield, approximately 6 MeV~! (27 ster)™". Optical-grade
MgF, and Li'F, as ngl as electron—irr‘adiated' uv-grade samples df these two

materials show enhanced fluorescence due to color-center formation and




associaﬁe;i emission bands in the blue and red wavelength regions, Large varlia—
tions in fluorescence inteneitiee were founddh uv—grad,e.sapphire samples of dif-
fere_nt origins, particularly in the_ Ted end-. of the spectrum, presumably due to
various amounts of chromium-ion content. Phosphorescence decay with time

£s best described by a sum of exponential terme, with tite constants ranging

from a few minutes to several days.

Phosphorescence iﬁtensity expressed as e ffactien ef‘lth‘e steady—sfate
ﬂuorescence intensity is an extremely sensitive measure of crystallme perfectlon
and purity This fractmn ranges from a Iﬁgh of “‘10‘2 for some fluorlde samples
to a low of <2 x 10°6 for fused 5111ca. Apphcatmn of the para.meters ocbhtained
in this work to the analysm of recent fhght observations on low light-level
experlments yleld good quantltatlve agreement w1th flight data from OAO 3 and

OSO 7.



I. INTRODUCTION

Low lighi-level experiments and sensors carried on spacecraft and operating
in the ultraviolet and visible regions at count rates, N, of 102 <N <10° counts
per second have shown saturation* while passing through the South~Atlantic
Anomaly (SAA) and considerably enhanced dark count rates for long periods of
time after passage through the SAA, The South-Atlantic Anomaly is a region of
increased, altitude dependent, electron and proton fluxes with fluxes ranging for
electrons up to >10% cm™? sec”! and for protons up to >10* em™? sec” 1 wen
over 90% of the electrons have energies less than 9 MeV and most of the protons
have energies less than 5 MeV, However, the-tails of the energy distributions
extend to >4 MeV for electrons and >100MeV for protons, respectively., On
080-7, for example, the Star Scanner, which utilizes a photomultiplier tube
having a trialkali (E-type or ~8-20) photocathode and a Corning glass 7056
faceplate, and normally operates at signal count rates of approximately 2 x 10°
sec™!, goes into saturation; i, e., the rate increases to >5 x 10° sec™! while
going through the region of maximum particle flux, 2 pecause of the relatively
high signal coiint rates and the high thermal dark counts agsociated with trialkali
cathodes, however, enhanced dark count rates after passage through the SAA do
not seem to be a problem in this case, On the QAQ-3 (Copernicus) Princeton

Experimental Package (PEP), on the other hand, in addition to saturation,

Fisaturation” means that the count rate exceeds the dynamic range of the pulse counting electronics.



anomalously high dark count rates of the order of 200 to 300 sec™! were encoun-
tered on u‘}/visible phofomultiplieré with bialkali (N-type)' cathodes and MgF, .
windows for long periods after pas‘s"ing -‘through the. SAA,3 It was a1so hoted that
dark count rates slowly diminished with time.’ Becauée of the low. signal count
-ral_tes of this experiment, (=102 éec") and low therma.lrdarl_; counts, these effects

seriously compromise photometric accuracy if not taken into account, ‘,

It is thought that fluorescence of the photomultiplie'r window materials
under energetic particle irradiation and subsequent slow decay (phosphorescence)

are responsible for saturation and tirhe—idependen‘t dark counts, respectively.

 Inthe present publication, we report our results of fluorescence and phos-
rhorescence measurements on various photomultiplier window materials under

electron irradiation from a Sr°%-v?¢

beta source. Based on these results, we'. :
present our interpretation of flight observations together with recommendations |

for proper selection of window materials and shielding requirementls for critical

low light level experiments m space flight applications. _'

[I. EXPERIMENTS
Objective

In order to characterize the luminescence properties of optical window
materials under electron irradiation, ‘the laboratory 'experiments were designe&
(1) to obtain the spectral distribution of fluorescence emission under steady-

state condition, i.e., while the sample is being irradiated; (2) to measure the



fluorescence efficiency, or yield, i.e., the number of photons emitted, over a
spectral interval of interest, per unit energy loss per electron; and (3) to measure

the long-term time decay of phosphorescence after irradiation,

Materials

Table I lists window materials commonly used on vacuum-uv, uv, and visible
- photomultiplier tubes, The values given for the short-wavelength cut-off and
50% transmission points, respectively, are representative of the highest quality
commercial materials available today, It is well known that these parameters
are sensitive to purity and crystalline perfection of the materials. Therefore,
we have included in our investigation samples of the materials listed in Table I
of highest purity and perfection (uv-grade) as well as "optical-grade' samples
of various materials, as far as they were available, in order to demonstrate
the effect of material quality on the fluorescence and phosphorescence properties
in question, In addition, uv-grade samples of MgF, and LiF were irradiated
with 1-MeV electrons at fluences of up to 2 x 10"° e"cm™? in order to study the

effects of radiation damage on intensity and spectral distribution of optical emission,

Apparatus and Procedure

Electron Source
A 0.8 millicurie* Sr?0-Y?? beta emitter having a circular active area of

0.28 cm? was used as the electron source. The maximum beta epergies are

*] Curie = 3.7 x 1017 disintegrations sec™L.



0.544 MeV and 2. 23 MeV, respectively, for Sr?® and Y?0, and the average beta
energies are 0,194 MeV and 0. 92 MeV, respectively., The composite beta spec-~

trum for the Sr®?-Y?? equilibrium mixture is shown in Figure 1,

Measurements

In oroler to cover a wide speetral range, three phofomul_tipli'er tubes with -
different spectral response curves, as shown in Flgure 2, were used, They
were operated in the photon—countmg mode in conJunctlon W1th a SSR-Model
1105 Photon Counter. For steady-—state measurements the beta source was -
placed directly onto the sample to be measured at a fixed distance from i:he
photomultlpher tube, as schematmally shown in Figure 3, Spectral intervals
were defined hy the use of various out—on -filters, such as. fused silica (7\ 50% =
200nm), Corning glass filter 9-54 (240 nm), Corning 7056 glass (310 nm) Lucite
(350 nmj, and a geries of multlwlaye_r 1nterference filters ranging from 400 nm
to 650 nm in 50 nm intervals, Backgroqn‘d coiuitrs due to high-energy Betas
passing through the sample and filte"rs, and/or cfue to ﬂuoreeoeﬁee from the
tilter, were determined by placing 2 504m thick (13, 5 mig em~?) aluminia foil
beneath the sample and filter, e.s also.shown in -Figure 3. The solid angle be-
tween sample and photomultiplier was kept well below 1.5 _etez_' {so—degree cone),
i, e. » much smaller than the solid a.ngle( determined by tote._l' internai feflecti_‘on-

at the faces of the disc-shaped samples, ‘



1II. RESULTS AND DISCUSSION

Tuminescence spectra obtained on uv-grade, optical-grade, and electron-
irradiated samples of MgF, are portrayed in Figure 4. Emission bands centered
at ~225nm, ~430nm and ~600nm can be discerned in all samples, with the
position of the latter two bands being in good agreement with those observed by
others on electron and gamma-irradiated MgF, under uv-excitation, * These
emission bands arise from color centers or lattice defects inherent in the crystal
or created by electron or gamma irradiation. As expected, these bands are
weakest in unirradiated uv-grade material, stronger in optical-grade material

and noticably enhanced after prolonged electron irradiation.

Lithium fluoride (Fig. 5) also emits over the whole spectral region, irom
its uv cut-off to the long wavelength limit of our experimental set-up (~650nm).
Emission bands can be distinguished at approximately 250 nm, 375nm and 560 nm,
respectively. Electron irradiation enhances both the blue and the orange emission
bands, but depresses the uv emission by gelf-absorption in the 250nm absorption

band resulting from electron irradiation. (See insert in Fig. 5)

Oxygen ions substituting for fluorine ions in the crystal lattice are the most
common and most difficult to eliminate "impurity" in fluorides. To illustrate
the effect of such substitution, we have included in Figure 5 the emission and

transmission spectra of an intentionally oxygen-doped LiF sample. The drastic



effect‘of oxygen substifution and of the Ia,ttice defect; sti'ubture'fesulting froin
this substitution on the ﬂﬁéreécence specfrufn and inténsity and on transmission
"can 4be clearly seeﬁ.
Eﬁlission si?ectra of fused silica (8iO,) 'sappihire (Alzoa), calcium fluoride
(Ca]i;z), and f)arium fluoride (BaF ;) are shown in Figuré 6 I.Ove,‘ra,ll, the emissioﬁ
~intensities of CaF, aﬁd BaF, are conSidarably higher fhan those of Mng‘ ar_ld_ LiF and
little difference was found 5eWeen samplés of different origin and of presumably dif- |
ferent quality in terms of purity and 'perfe‘ctipn. | Coﬁsiderable Variation was,
however, encou_ntered in the phosphorescence p_ropertiés, as will be shoWn later.
Stmilarly, sapphire samples showed little variation in the sho_rt—wavelength por-
ﬁoh of the spectrum, but cbnsiderable differenég:s were noted 1n the intensities _
of the long-wavelength pgé.k partially éhmyn_ in Figure ‘6‘. W_é attribute this. red
peak to chromium ions, the dopa.ﬁt ipﬁentiénally used in Ruby (= A1203 : .Cr3+),
which causes intense fluorescence ceﬁtered af 690 nm, . As an impuri&, chro- K
mium is difficult to eliminate in alﬁlﬁinum oxide.
The emission intensities of fl}Sed_ silica'and uv—tfansmitting glasses are
quite weak and little, if any; differences were _not;ad in totél intensity and in
spectral distribution ‘between different sé,mples of each material;

Luminescence Efficiency

Luminescence efficiency, €, under charged particle excitation is defined
as the ratio of specifie luminescence, dL/dx, and specific energy loss of the
particle, dE/dx, i.e.,

€ =.—_' o (1)



For most phosphors, this (differential) efficiency is a function of the specific
energy loss, and has a rather flat maximum at 1 MeV emlg”! <dE/dx < 100MeV
'c:ng;"1 . 9 yor the average energy of gr?9_v?° betas (= 0.25MeV), the specific
energy loss of electrons in the materials investigated here is of the order of

2 MeV cng‘l , i.e,, in a range where dL/dE varies only little with energy.
For practical purposes, therefore, we assume dL/dE to be constant over the

energy range of Sr90-v90 hetas and define our luminescence efficiency as

AL
= (2)
Ninc E‘av

where N, . is the number of electrons incident on the sample and E,y is the
average energy per electron absorbed in the sample, If the sample thickness,
t, is larger than the range, r (Eax)» Of electrons of maximum beta energy,

E all betas are absorbed and the average energy absorbed in the sample is

E
max
f ENE) dE
0

= ’ (3)

E
av Em ax
f N(E) dE
0

where the beta energy distribution is normalized to unity per unit time, or

E -
max
j N(EYdE =1 .

0

max’

equal to the average beta energy:

For samples of thickness less than r (E__.) and an isotropically emitting
beta source, the variation of the electron path length, £, with angle of incidence,

8, has to be taken into account; i.e., the fraction of electrons which lose less
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than their total energy has to be considered. This fraction is:contained ina
cireular eone of ha]f-anée by, where 9, is the angle of incidence for which ¢ =

t/cos 8, is equal to the eledtron range, r (E - For the energy interval,

max)'

between E and E + dE this fraction is given by /27 =1 - cos 8(E)=1 - t/r(E),

where € is the solid angle of the cone.
The average energy loss of betas with the distribution function N(E) then

.Emax Emax t
ENE)JE - E(l-— N(E)dE
snoer| 7l )

4] S WVJE(x=1t)

- . (3a)

Em ax
N(E)dE
0 .

6

becomes:

Eav
U‘sing: energy-range'tables for.sapphire and LiF'ir and assuming that véria_ttiéns
of electron ranges expreSsed in mass per unit area (g em~?) for the materié,ls
investigated here are insignificant within the overall accuraéir of our experiment,
we have computed the average‘ energy losses for ‘SI“ 9.9-Y9° betas for the _individuéi
sample thick.nesseé and ecalculated the luminescence effiéiences aceording to
Equation (2); In so doing; we have further assumed that the optical emiésion is
isotropié, i.e., sphericﬁlly symmetrical*;- Futhérfﬁoré, 'in _addifioﬁ to geo-

metrical factors, the total light collected depends, of course,’ on the spectral

*The validity of this assumptmn was verified by tilting samiples to angles up to 70 with no noticeable
effect on observed count rate,
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response curve of the photomultiplier fube ang its overlap with the spectral
emission of the various materials, It is impractical, therefore, to express AL
as a singular, normalized quantity. For this reason, we have expressed the
luminescence efficiency in units of counts in a solid angle of 27 ster per MeV of
absorbed electron energy and present the results in Table II for three different
photocathodes, namely a "solar-blind" CsTe cathode, a uv/visible sensitive
bialkali cathode and a red-sensitive trialkali (5-20) photpcathode, respectively.
Their response curves were given in Figure 2. Also, for the sake of complefe-
ness, we have converted these efficiencies into units of photons per 100 nm pex
MeV, averaged over the bandpass of the respective photocathodes and over 4w

steradians.

In ord;ar to get a reagonable estimate of the degree of validity of the various as-
sumptions entering into the determination of efficiency values, we have included in
Table II the results of measurements performed on a plastic scintillator material, on
"undoped" cesium iodide, on sodium- activated CsI, and on thallium-activated Csl.
The scintillation properties of those materials have been studied extensively® and

total emitted energy

their "absolute" efficiencies, defined as ¢, geem to

~ total absorbed energy
be fairly well established, 5,8 In the practice of scintillation counting, "absolute"
efficiencies of scintillator materials are determined by measuring their light-

output with a S~11 photocathode relative to that of a ''standard" crystal of
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thallium-activiated sodium iodide for which an efficiencyi of 12 to 13 percent is

the generally accepted value, Nal(T1) elﬁits in the blue, wi,th-a beak at ~410nm,
and meaningful. efficiencies are ob_tained by this method for m‘aterials which

emit in the same spectral region, such as‘CsI_,‘ CsI(i\lTa) and P_llast_i_cs. However, E
for A‘materials whbse'peak emigsion occurs Well outside of the S-11 response,
efficiencies obtained with S~11 cathodes relative to that of Nzﬁ( T1) are, although
of practical importa.nce, not very _ﬁeahingful from a fu;lda:mental point‘ of view,
CsI(Tl}; for instance, has its emission p_éak at ~_560 nm, and only a fraction

of the total émission is inside the §-11 respons'e.,ct_lrvél. Because_ qf thig spéctral :
mismateh, '"standard" efficiencies_ for CsI(TI) are estimated to be about a factor
of 2 to 2.5 lower than "true" efficiencies obtainéd with a better spectraﬂy
.m‘atched photocathode and/or proper convolution of spectral émissiqn and épec—

tral response curve of scintillator and photocathode, respectively.9 :

Based on our experimentally obta-,i‘ned count rates and on,phofﬁcathode
quantum efficienciés averaged over the spectral_gmissior_l range of tl_le vé.rious
scintillator materials, we have éomputed "absolute" efficieﬁ'cy values for the:_ |
four scintillators mentioned above and list the results in Table I, tbgej:her' |
"with those given in the literature. 58 We observe reasonably good agreemént S
for the blue-emitting materials but considerable discrepancy for CsI(’I_‘I)', ’é.‘s |
-expected, Good agreement, hbwever?' is also obtained here, af ‘.'true" ‘rather‘

than "standard" absolute efficiencies are considefed.-
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In examining TableIl, we note again significant differences between uv-grade
samples and optical-grade samplesof MgF, and LiF, respectively, parficularly in
the long uv anci vigible wavelength regions. The growth ofthe blue and red emission
bands with increasing electron dose is reflected in increased count rates obtained
on irradiated samples with the bialkali and 5-20 photocathodes, respectively.
Small differences are noted between sapphire samples of different origin, and
presumably different purity, in the short uv and uv/visible range, but consider-
able variations are noted with the .red—sensitive s—zb photocathode, supposedly
due to chromium impurities affecting the fluorescence peak near 700nm, as
mentioned previously, Caleium fluoride and barium fluoride were available only
in'optical-grade quality and very little difference was seen between samples of
different origin, Note, however, the gignificantly higher luminescence yields

over the entire spectral region in comparison to Mgk, and LiF.

The luminescence yields of fused silica, uv-transmitting glasses, and
borosilicate glass are comparable to those of uv-grade MgF, and LiF in the uv/
visible region and significantly lower for red-sensitive cathodes, due to the rel-

ative weakness or absence of long-wavelength emission,

Time Decay of Phosphorescence

Tn all materials investigated bere, with the exception of high-purity fused
gilica, slowly decaying phosphorescenc"e was observed after removal of the

beta excitation, Decay curves of various MgF, samples are presented in Figure 7
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in double logarithmic representation. All decay curves, except where noted
otherw1se, ‘were obtained after a 30-minute exposure to 0.4 mCi of SR90 -y 90,
In good approxlmatmn, the time dependence of phosphorescence intensity ean be

described by a sum of exponential termas, ) Co .
I(t)-Z 1 exp (t'“‘““) : @
where the time constants are characteristic of the 'ma‘terial, and tne absolute,
as well as relative, values of the empli—tudes, Ii; are a function of the purity, or
QUality, of the individual sample and-of the total electron dose 'received.by the
sample, ThlS is 111ustrated in Table IV wh1ch lists the decay parameters (I
7,) for the varmus samoles of PMT w1ndow materlals obtamed by fitting their -
measured decay curves to decay functlons of the fornl glyen in equation 4, wnth
one set of time constants for each material, | As a measure of the goodness of
fltobtamed under this premise, we list the RMS errors associated with the t1n1e ‘
constants, as well as a total error determined by the differences between the
measured points of the decay:curves and the fits. ‘With a few exceptlons errors
for the time constants are well below ten percent and total errors are generally

less than twenty percent. Large errors are encountered in cases where decay

rates are fast, or count rates are low, or both

In exammmg Table 1V, we note’ that for MgF, a minimum of three terms

W1th t1rne constants of 4.4 mmutes, 200 mlnutes and 3600 mmutes, respectively
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is required to describe the phosphorescence decay adequately, and that con-
siderable variations occur in the amplitude factors not only between optical
grade and uv-grade material, but also among uv-grade samples themselves.
It should be pointed out, however, that sample #2, exhibiting the most intense
phosphorescence, represents uv-grade quality as it was available about six to
seven years ago; whereas, the other MgF, samples were acquired recently.
Thus, the considerable improvement in material quality over this period of
time is illustrated by comparing the phosphorescence intensities of these two

classes of material,

Shorter periods of beta excitation (sample #2a) result in lower amplitudes
of the long time constant terms, whereas prolonged, intensive electron hom-
bardment (sample #6) leads to overall enhancement of phosphorescence intensity,

particularly of the long time constant component,

Typical decay curves of various other window materials are shown in Figure
8, LiF sample #1, representing uv guality material acquired about six years ago,
was monitored over a period of 200 hrs, thus allowing the determination of four
time constants of approximately 5 minutes, 20 minutes, 12 hrs and 93 hrs, re-
spectively (see Table 1IV). The improvement of material quality and perfection
achieved over the past years is also readily apparent by comparing present-day
optical-grade (LiF #2) and uv-grade (LiF #3) with sample #1, Calcium fluoride

and barium fluoride show more intense phosphorescence than MgF, and LiF, as
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one might expect on the basis of their higher fluorescenceyield. At least three
time constants govern their phdsphorescence decay. They are 'approximately 2.
minufes, 44 minutes and 580 minutes for BaF2 and 2, 6 minutes, 14 minutes and

150 minutes for CaF g0

A11 five samples of sapphire listed in Table IV are of uv quélity and t:h.e
wide range of phosphc')rgasqence intensity, cqmprismg a facto_r of almost 10° . is
striking, particulariy in view of the far;t that the differeni;fa.tion in luminescence
yield is notnearly as pronounced (see Table IIy, This observation appl‘ie_s ‘équall_y
‘well to the fluorides reported on above. It is‘(.)bvious that _elecftron-ipduced
phosphorescence, or the lack of it, is a much more sensitive measure of erys-~
talline perfection and purity than 1uminewécence efficienéy-, optical density of
color center absofption bands, or uv cut-off, To_illustrate thisAquantitatively,_
we have tabulated, in Table V, th_e__ fat_ios, of thSphgrescence intensities att=1
minute .‘to fluorescence i_ntens_ities under sfe.ady—state eleétrop excitai;iqn. These
ratios range from a low of <2 x IOf6 .forrhigh—purit_y fused silicla to a high of |

=107 for optical-grade MgF, and BaF,.

' UV-transmitting glasses exhibit a suprisingly high ratio of 0.5 x 10~} to
1 x 1073, Their time-decay of phosphorescence (Fig. 8) is characterized by a .
minimum of two exponential terms of about -equal émplitud_e énd;time constanis

of approximately 4 minutes and 57 minutes, -
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Additional Observations

1t is generally agreed that phosphorescence in crystalline materials is due

-

to electrons and holes trapped at lattice defects, or trapping sites, and their
release to emitting centers by thermal agitation, Although it is neither intended
nor possible fo identify the centers involved or to elucidate their phosphores-
cence kinetics within the scope of this investigation, we would like to include
some preliminary observations which seemingly illustrate the role of trapping
centers in the phosphorescence mechanisms, Thermoluminescence measure-
ments over the temperature range of 25°C to 300°C, performed after Sr90-y?90
betia irradiation, reveal well defined glow peaks in most materials. Four in
Mg¥F,, LiF, CaFl, and BaF,; two in sapphire; and two rather broad peaks in
Corning 9741 and Corning 7056 glass. The glow-peak temperatures are charac-
teristic of each material; however, the relative peak heights vary from sample
to sample as well as with electron dose, In some fluoride samples broad-band
uv excitation results in glow curves identical to those observed after beta irra-
diation. 'In others, fewer peaks are obtained after uv.exposure than after beta
exposure. In the latter, certain traps populated by beta irradiation are emptied
by subsequent uv irradiation, i.e., phosphorescence induced by electrons is

quenched by uv.

These examples must suffice here to hint at possible relationships between
trap concentration and trap-depth on the one hand and intensity and time-decay

of phosphorescence on the other. Quantitative details remain to be investigated.
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Interpretation of Flight Observations

Based on peak flux densities and energy dietributions for electrons and
protons es given by Stassi‘nopc:ula:)si0 for OSO orbits, we e have calculated peak
count-rates for 2.5 cm diameter PMTs, using a lumlnescenc',e effwlency of
10 MeV~ -l 2n ster)‘ - Within the overall accuracy of these calculations the °
results are equally valid for 7056 g'la's's faéeplates' and S-20 photocathodes,. and
blalkah cathodes on uv-grade MgF, or L1F of >1 mm tmckness. The reeults
are presented in Flgure 9, whxch shows the count-rates due to electrons and due'
to protons as a functlon of effectlve shielding, expreesed in millimeters of
aluminum, SeVeraI simplifying assumptions have been.made in these ealcula—
tions: (1) we have conside'x-etl normal‘incidenc‘e only, ehd (2) we have assumed
that the effect ef the aluminum shielding on the energy spectrum of the transmit- ‘
ted particle fluxes is approximeted by a sharp cut-on at the enei'gy for whichr the
thickhess of tt1e shielding equals.the range at that bart‘icular energy.. The re~
sulting over-estimate on transmitted ‘ﬂﬁx i8 eff-set seméwﬁat by asstxmitlg an
energy indeperdent, specific energy 10ss in the faCeﬁlate material of 0,4 MeV

per mm for electrons and 4 MeV per mm for promne,'respectively;

For "moderate" shielding of <4 tnm of alummum, ﬂuoresc«ance mduced
count-rates are predommantly due to electrons and are of the order of >8 x
10° se«:'1 » in good agreement with observatlons en the 080-7 star.scanner
Flight data on the saturation count-rate on the Copermcﬁs PEP Experlment are

not available for comparison. However, dark counts taken about 30 minutes



20

after passage through the SAA are known to be in the 150 to 350 sec”! range.

Turning to curves (1), (2), and (2a) of Figure 7. we extrapolate for t_-+1 min o
a count-rate of 2 x 10° sec™! <N < 8 x 10% sec”™’. Using a ratio of phosphor-
escence to fluorescence of <1 x 10~2 for "optical-grade" MgF, from Table V,
we obtain a saturation count-rate of 2 x 10° see”! < N < 8 x 10° sec™!, in rea-

sonable agreement with computed values for moderate shielding.

The effect of electrons decreases sharply with increasing shielding because
of the rapid decrease of electron flux beyond 4 MeV. Above an effective shielding
of >=7mm of aluminum, fluorescence count-rates are entirely due to protons

and diminish only slowly with inereasingly heavier shielding,

Iv, .SUMMARY AND CONCLUSIONS

Fluorescence and phosphorescence of "state-of-the-art' photomultiplier
window materials under charged particle irradiation are of sufficient magnitude
to seriously impair low light level satellite experiments and sensors operating
in the uv and/or visible regions, both during and after passage through orbital
regions of enhanced high-energy charged particle flux. Luminescence efficien-
cies and time constants of phosphorescence decay determined in the laboratory
on uv-grade window materials in conjunction with uv/visible sensitive bialkali
photocathodes and visible-trialkali cathodes account for count-rates of 21 x
10%sec™! in the South Atlantic Anomaly as well as anomalously high dark count-
rates of 10% to 10% sec™! for periods of hours after passage through the SAA, in

good agreement with recent flight observations.
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Analysis indicates that shielding of PMT faceplates against electrons of
energies up to 4 MeV will effectiVer‘reduce these count rates by ‘ebout a factor
of 10, the residual rates then belng due to h1gh energy protong of E 30 MeV,

for Wthh shleldmg becomes impractlcal

Laboratory measurements ftlrther‘tndicate that -eubstantiai reduction of
phosphorescence emigsion can be realized by careful selection of high-purity
samples by means of a simpie screening test based.on the technique employed

in thig work,

PhOSphorescence intensity is conmderably more sensmve to crystalline
perfectmn and. pur1ty than lu:rnmescence y1eld It is h1gh1y probable therefore,"
that proper shleldmg and matemal selection w111 lower phos;;horescence 1nduced

. dark count rates to acceptabie levele. It rentalns doubtful however, whether
count rates in the h.1gh flux regions resulting from lumines_c'_ence mducedb-j' high

energy protons can be lowered to negligible levels.
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‘Table I

Photomultiplier Window Materials

UV-Cutoff (nm) 50% TrahSmissioq i?_oint {nm) '"
Material : o : '
: {10% Transmission) 2mm Thick
UV Grade LiF (O 7
UV Grade MgF, - o1 - 125.
UV Grade .'Ca]-E«’Z ' o 110:‘ | o ‘. 126
' UV Grade BaF, - 185 o _;<'f11156
UV Grade &nnﬂﬂfe‘ S 145 ,f  | B ied
Fused Silica : - ';160 R 'l'_: N _. ~.1;7.5i }
céfping 9741 Glass '206 ARG 236.

Corning 7056 Glass 270 310




Table 11

Luminiscence Efficiencies of PMT Window Materials and Some Scintillator Materials for
UV, UV-Visible, and Visible Photocathodes

PMT 542F-08;7,, = 0.06 54iN-09;7,, = 0.15 FW 130;1,, = 0.18
100nm <A <300nm 130nm <A <430nm 320 <A <570nm
Photons/ Photons/ Photons/ Remarks
Material cts/l MeV  100nm,  cts/l MeV  100nm, cts/1 MevV  100nm,
1 MeV, 47 1 MeV, 4n 1 MeV, 4r
MgF,
UV Grade, Manufacturer A 0.8 13 8 36 32 142
UV Grade, Manufacturer B 1.3 21 5 22 15 67
UV Grade (A), irradiated
2 x 1043 e~cm™2 (1-MeV) 1.1 18 25 110 85 380
©ptical Grade 1.4 23 9 40 52 230
UV-Grade - - 17 76 - - Faceplate of PMT
LiF
UV Grade 2.5 4?2 10 44 9 40
UV Grade, irradiated
5% 1012¢cm™2 {1-MeV) 2.2 37 14 62 22 98
UV Grade, irradiated
>2 x 1013e cm™? (1-MeV) <2(a) <35 17 75 25 110
Optical Grade 1.7 28 10 45 19 85
UV Grade 3 50 — — — — Faceplate of PMT
2, Doped (a) 53 235 83 370 Intentionally
doped with
Oxygen

¥e



Tabie I.I (Continued)

542F-08; n,, = 0.06

541N-09;7,, =0.15

FW 130;7,, = 0.18

PMT 100nm <A<300nm  130nm <A <430nm 320 <A < 570nm
- .. Remark
Photons/ . Photons/ . Photons/ ‘ Tarks
Material cts/} MeV  100nm, cts/l1 MeV 100nm, cts/! MeV  100nm,
o - 1 MeV, 4 ! MeV, 47 1 MeV, 4x
CaF, -
Optical Grade : :
‘Manufacturer A 45 750 205 9210 430 - 1900
Optical Grade, _ :
Manufacturer B 41 680 200 890 350 1550
Sample C 42 : 700 220 930 300 . 1330 Regrown by
~ ‘ ~Czochralski
Method from
Optical Grade
(B) Material
Bal,
Optical Grade, : ,
Manufacturer A 26 ' 430 152 675 420 1R70°
Optical Grade, ‘ : . o 3
Manufacturer B 26 430 170 755 440 1960
Al,0, _- _ |
Sample #1 4. 70 26 115 120 533 All samples are
Sample #2 Not Measured 22 - 100 87 386 “UV Grade”
Sample #3 3 50 19 85 26 115 :
Sample #4 2 35 20 90 200 290
Sample #5 3 50 -20 a0 28 125

gz



Table 11 (Continued)

$42P-08;m,,=0.06  54IN-09;m,, =015  FW130;n,, =018

PMT 100am <A<300nm  130nm <A <430nm 320 <A <570nm .
Remarks
Photons/ - Photons/ Photons/
Material cts/1 MeV  100nm, cts/l MeV  100nm, cts/1 MeV  100nm,
1 MeV, 4% 1 MeV, 47 1 MeV, 4
Spectrosil 1.2 20 6.5 29 9 40
7940 1 17 6 27 8 35
Suprasil 1 17 7 31 9 40
8337 Glass (a) 8 35 15 67
0741 Glass (a) 6 27 17 75
7056 Glass (a) 2(a) 9 8 35
Plastic Scintillator {a) 250 1120 360 150G
cdl
Undoped (a) 170 755 240 1070
Na-Activated {a) 680 3020 2400 10,700
Tl-Activated (2) 825 3650 4200 18,700
'(a) Self-absorbing

94



Table IT -

Absolute Scintillation Efficiencies of CsI(T1), CsI(Na),

_Csl, and Plastic S

cintillator

27

Absolute | Seintillation Efficie_zncjr (%)
Material P;-esent Work | Ref, 5, 8
541N-09 s-20 S-11_
CsI(T1) "18 - 20 | G6to 7
Cs(Na). 5.8 7.8 4.5
CsI 1.2 o'.‘s“‘ : -
Plastic Scintillator 2 1 2.




Table IV

Decay Parameters of Phosphorescence

t~ 1 min
() = 2 exp-(——"0
. 7
i
dab.
. Count Rate:sec™'(27 ster) ! ! #MS Error %
Material Tune(fncil:;lants Sample # i I [ b 7 L T, T, Total Remiarks
MgF, T, = 44 1 1axie® izt 3x10° * 4.7 24 1R * 15 UV grade
2 t2xi0b  21x10° 25 10 * 42 s4 12 * 10 UV grade (old)
7y = 200 7al0) 67x105  1Lix10t 0 - 29 12.8 - - 20 UV grade {old)
7y = 3600 3 49 % 10’ sx104 ) - 5.6 25 - - 12 Optical grade
4 13x10  24x10° 0 - 3 18 - ~ 16 UV grade
5 46 x 10° 15x 16 47x10% : 7 9.2 9.4 - 11 UV grade
6 11x105  74x100  raxiot e 56 56 * 16 after 2 x 1013 ¢=em™? (1 MeV)
LiF T =46 ! 21x10°  69x105  35x10°  82x10° 87 1 7 27 95 UV gnde {old)
T, =20 2 18x100  9sx10%  34x10° * 7.6 L3 18 * 63 Optical grade
7y = 740 3 18x10%  1s5x10t aex10? * 35 16 45 + 15 UV grade
1, = 5600
BaF, =2 1 63x10® 28x105  83x10* * 28 14 54 * 7 Optical grade
7y = 45
7y = 580
CaF, 7, =27 1 275108 39x10°  L1x10° . 1 4 003 * 3
T, = 14 5 Opticat grade
1, = 150 2 8 x 107 2x10° 540 . 25 3 0.4 . 3
ALD, 7 =18 1 26 x00°  53x100  53x (07 0 45 20 3 .2
7, = 14 2 gw1at  12z10° qQ - 3 11 - - 14
7y = 227 1 28x10° 1x10? 0 - 17 10 - - §  Uvenade
4 4.6x102 1x102  52x10 o 3 ] 0.05 — 8
5 13xint z3xa0 0 - 25, 25 - 30
9741 glass 7, =42 1 65x10° 26x10° o - 5 2 - - 7 as receivel
T, = §7 2 26x10% 1x16% 0 - 5 2 - - 7 after 1M %e7em™? (1 MeV)

a)N-09 Phatocathode

b)after frexcitation of 9.5 x 10'%em™ (025 MeV average energy)
c)Samp!c 2 afier f-excitation of 9.5 x 10%m~2 (0.25 MeV)

*Not determined

ONot significant within accuracy of measurement

BT



Table V

_ Phosphorescence Intensity at t = 1 min

~ Fluorescence Intensity under steady state electron excitation

29

1.0006 x 1073

Material ¢ Photomultiplier: 541 N-09 -
MgF,
UV Grade 0.250 x 1073
0.200 x 1072
Optical Grade  10.000 x 10~
5,000 x 1073
LiF
UV Grade 1.000 X 1073~
Optical Grade = 3.000 x 10°3
CaF,
.0.400 x 1073
to 4.000 x 1073
“BaF, 16.000 x 107
Sapphire
#1 2.500 x 1073
#2 not measured
#3 0.050 x 10-%
#4 . 0.010 x 1073
#5 0.005 x 107°
Spectrosil <0.002 x 1073
Suprasil -0.020 xl 1073
UV Glasses 0.500 x 1073




Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6,

30

FIGURE CAPTIONS

Spectral Response Curves of CsTe (542 F), Bialkali (541N) and 5-20

(FW 130) Photocathodes
Schematic Diagram of Measurement Setup

Spectral Emission Curves of Magnesium Fluoride Samples
(1) UV-Grade; (2) Optical-Grade; (3) UV-Grade After Irradiation
with 2 x 101! e-cm™? (1 MeV); (4) UV-Grade After Irradiation with

2x10'? e"em~2(1 MeV)

Spectral Emission Curves of Lithium Fluoride Samples

(1) Optical-Grade; (2) UV-Grade After Irradiation with ~1011 e~em=2
(1 MeV); (3) UV-Grade After Irradiation with ~5 x 10!2 e~ cm2

(1 MeV); (4) Oxygen-doped LiF. Insert: Spectral Transmissions

of Samples (2), (3) and (4)

Emission Spectra of Calcium Fluoride, Barium Fluoride, Sapphire

and Fused Silica



~ Figure 7,

Figure 8.

_Figure 9,

.‘.31‘_

Phosphorescence Decay of Magnesium Fluoride After Exposure to
0.4m CiSr?9-Y90 for 30min. (9.5 x 1010 &~ em-2 of 0,25 MeV
average energy)

(1), (4) and {5): Present-day UV-Grade MgF,

(2): PMT-FacepIate, represéntative of "'State-of-the-art" UV-grade. N

MgF, of about 1968
{2a); Same as (2), except for shorter exposure time of 3 min, ‘
(3): Present~day optical-grade-

(6): UV-Grade, irradiated to 2 x 10'* e"em™?(1 MeV)

'Typical Phosphorescence Decay Curves of BaF,, CaF, , LiF, | .

A1,0, and 9741 glass, after Exposure to 0,4m Ci $r?%-Y?° for

30min. (9.5 x10'% e“em™? of 0,25 MeV average energy)

Calculated electron and proton induced count-rates for peak flux

densgities of OSO orbits (550km) as a function of effective shielding, o
Cﬁrves are represenfative of S-20 photqcathodes ot 2,5 cm d_ia/lumm o

‘thick 7056 glass and bialkali cathodes on UV»grade MgF, or LiF of

the same dimensions.
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