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We report results of a study to determine how the performance of photomultipliers is affected by exposure to He. In our tests we 
monitor two 5 in. diameter EMI hemispherical photomultipliers while they are operated in He environments. Initially we observe 
He + afterpulses, at an approximately constant delay relative to the primary anode pulse. As the He gas pressure in the tubes 
increases however, strings of pulses typical of Townsend discharges occur. For the glass composition and geometry of the 
photomultipliers used in our tests, the internal gas concentration as a function of exposure to He is calculated using Fick's law for the 
permeation of solids by gases. The He permeation constant for the photomultiplier glass is obtained from a semiempirical formula 
developed by Altemose. We calculate the internal He concentration resulting from the He exposure which is observed to cause the 
regular occurrence of discharges and find that it is consistent with that required for production of discharges in the Townsend model. 
Guidelines are presented for using our results to estimate lifetimes of photomultiplier's of different geometries and glass types when 
operated in He environments. 

1. Introduction 

Small concent ra t ions  of gases inside a photomul t i -  
plier (PM) are known  to cause afterpulses [1]. In new 
PMs, afterpulses can be associated with H2, N2, CO, 
He, and other  gases found in air or produced from 
water  vapor. When  PMs have been exposed to air for as 
little as 2 years however, it has been reported that  
afterpulses associated with He increase dramat ical ly  as 
compared  with those caused by heavier ions [2]. The 
reason for this is the relatively high permeabi l i ty  of 
glass to He. 

In this paper  we report  results of tests we have done 
to determine the per formance  of PMs as a funct ion of 
exposure to He. As we had  anticipated,  the afterpulse 
rate is observed to increase with exposure. In addit ion,  
as suggested by Paske [3], the concent ra t ion  of He 
inside the PM eventually reaches a level sufficient to 
cause the sustained product ion  of free electrons typical 
of Townsend discharges [4]. These discharges, which are 
manifes ted as strings of pulses at the anode,  occur with 
increasing frequency and  dura t ion  as exposure to He 
increases. Ult imately,  strings last ing as long as = 10-50  
/~s are observed for most  instances in which a pr imary  
electron is emit ted from the photocathode.  
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We begin with a br ief  discussion of af terpulsing in 
PMs and  of the Townsend  model  for discharges in 
gases. We then summarize  the results of Nor ton  [5] and 
Altemose [6] regarding the permeat ion  of glass by  He. 
Using  Fick 's  law for the permeat ion  of solids by gases 
[7], together with  the He permea t ion  cons tant  for the 
PM glass as ob ta ined  from Altemose 's  semiempirical  
formula,  we est imate the He exposure required for 
Townsend  discharges to occur. In particular,  the Town- 
send discharge model  predicts  that  sustained dark  cur- 
rents  between electrodes are the result of ionizat ion of 
neutra l  gas molecules by  ions. The ionic cont r ibu t ion  to 
the p roduc t ion  of free electrons will become significant 
when  the mean  free pa th  for ionizat ion of neutral  gas 
molecules by collision with gas ions becomes compara-  
ble to the p h o t o c a t h o d e - f i r s t  dynode  spacing. 

Finally we discuss the two tests tha t  we performed.  
In one test a PM is directly exposed to He and operated 
with a first stage voltage V 0 ~ 400 V, while in the other, 
the PM is submerged in minera l  oil dur ing exposure and 
opera ted  with V 0--  600 V. (The mineral  oil has no 
appreciable  effect upon  the results while the difference 
in operat ing voltage is found to account  for a factor of 2 
or so difference in the He exposure required for dis- 
charges to occur.) We find that  after a t ime lag of 1.9 d 
(consis tent  with  that  predic ted by the t ime-dependent  
form of Fick 's  law), the occurrence of afterpulses begins 
to rise. Townsend  discharge effects are then observed at 
subsequent  He exposures consis tent  with those antic- 
ipated by our  calculations.  
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2. Afterpulses and discharges: the effect of gases in 
photomultipliers 

Let V(s)  be the electric potent ia l  at a distance s 
f rom the pho toca thode  along the direct ion of the field 
lines which are focused to the first dynode [8]. If an ion 
of charge Ze and mass m is produced at s = s 0, then 
the t ime it will take to reach a distance s < s o from the 
ca thode is: 

• (So, s ) =  - ( m / 2 Z e ) l / 2 f i l d s ( V ( s o ) -  V ( s ) )  -1/z .  

(1) 

For  hemispherical  pho to tubes  the electric field increases 
with increasing s. Approx imat ing  the potent ia l  as V(s)  
= Vo(s /d)  z, where V 0 is the voltage difference between 
the cathode and  first dynode,  ~(s0, s)  is then:  

.r (So, s )  = ( m d  ; / 2  eZ V o ) ' /2(  ~r/2 - s in-1  ( s / s 0 ) ) .  

(2) 

Thus the t ime required to reach the pho toca thode  at 
s = 0 is; 

"r o = ¢r/2 × ( md2 /2  Z e V  o )1/2, (3) 

which is independent  of s o [9]. 
Townsend [4] studied the effects of gases between 

electrodes and  found that  for low gas concentrat ions,  
the number  n of electrons arriving at the anode  is 
related to the n u m b e r  of electrons emit ted from the 
cathode, n 0, by a simple exponential ;  n = n o e ~a, where 
d is the electrode spacing and  a is the mean  n u m b e r  of 
gas ions produced per  cm per electron traversing the 
gap. Townsend also observed that  for fixed pressure 
and  electric field, the n u m b e r  of electrons reaching the 
anode  increases more rapidly than exponential ly when 
the gap size d is made  large [10]. The  added electrons 
are the result of the ions themselves cont r ibut ing  to the 
product ion  of free electrons by collision with - and  
ionizat ion of - neutral  gas molecules. 

For  these circumstances Townsend  derives the fol- 
lowing expression for the total  n u m b e r  n of electrons at 
the anode: 

( ~ - B )  e ~ ° - ' ~  
n = n o (4)  

a - / 3 e  (~ B)d ' 

where /3 is the n u m b e r  of ions produced per  cm by a 
positive ion in the gas as it is accelerated to the ca thode  
[11]. This expression is singular at a = f l e  (~ ~)d. The 
singularity corresponds to condi t ions for which full 
b reakdown of the gas occurs - manifes ted as a spark 
[12]. As singularity condi t ions  are approached,  increas- 
ing numbers  of electrons are produced regeneratively so 
tha t  a current  is  observed to flow between the electrodes 
even after the source of photoelectrons  emit ted from the 
ca thode is removed. 

One expects ions to cont r ibute  significantly to the 
p roduc t ion  of free electrons when the mean  free path  / 
for collision and ionizat ion of a neutral  gas molecule by 
an ion is comparab le  to the electrode spacing d. For  a 
kinetic energy of 50 eV to 1 keV, the ionizat ion cross 
section for He + ions on He a toms [13] is o = ( 1 - 4 ) ×  
10 17cm2. The n u m b e r  densi ty N of He a toms at room 
tempera ture  and  at pressure p / x m  Hg is N = 3.54 × 1013 
p cm 3. The mean  free pa th  l is then 

= (5) 

Thus l is comparab le  to d at  a pressure P0 given by 
P0 ~ 103d-1- (Note  tha t  the ionizat ion cross section in 
e - - H e  collisions is o~ = (1.6-3.5)  × 10 17 cm 2 above 50 
eV so that  He ions will have roughly the same probabi l -  
ity of ionizing He a toms as will electrons [14].) For  the 5 
in. d iameter  PMs used in our  tests, d--~ 10 cm so that  
P0 = 100 /~m Hg. Thus, we estimate tha t  Townsend  
discharges will occur regularly at a He pressure inside 
the pho to tube  of = 100 # m  Hg. 

When  the ions produce  free electrons by ionizing 
neutral  gas molecules, these electrons proceed through 
the PM to produce  an afterpulse which is delayed 
relative to the pr imary  pulse by a t ime ~-(s0, s)  where 
s > 0 is the poin t  at which the H e - H e  + collision occurs. 
For  a mean  free pa th  l for this process, the probabi l i ty  
that  the ionizat ion occurs before the ion has travelled a 
dis tance s o - s  is: 

P = 1 - e -(s° ~)/t. (6) 

Thus  the pulses ini t iated by electrons freed in these 
collisions will not  necessarily occur at a cons tan t  delay 
relative to the pr imary  pulse and  will typically occur 
sooner than  what  is expected for a s tandard  afterpulse 
(in which He + ions strike the pho toca thode  to cause the 
emission of electrons). The  occurrence of afterpulses at 
arbi t rary  t imes less than  the t ime at which He after- 
pulses normal ly  occur  is thus characterist ic  of the pro- 
duct ion of free electrons via ionizat ion of gas a toms by 
ions. 

3. The permeability of glass to helium 

For  a p lane  m e m b r a n e  with pressure gradient  Ap,  
cross sectional area A and  thickness z, the quant i ty  of 
gas passing through the m e m b r a n e  in t ime t is calcu- 
lated f rom the steady state form of Fick's  law [7] to be: 

q = kAt  A p / z  (p lane  m e m b r a n e ) .  (7)  

For  a sphere, q is given by: 

q = 4~aZkt  z ~ p b / a ( b - a )  (spherical  m e m b r a n e ) ,  

(8) 

where a and  b are the inside and  outside radii, respec- 
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Fig. 1. Permeation constant k, eq. (10), as a function of %mol 

network-forming oxides M, at 200, 300 and 400 K. 

tively, of the sphere. The permeat ion  cons tan t  k de- 
pends  upon tempera ture  T as [5,6]: 

k = k 0 e -O/RT, (9)  

where Q is the act ivat ion energy per  gram atom, R is 
the gas cons tant  (R  = 1.986 c a l / m o l  K), and  k 0 is a 
constant .  Al temose [6] has shown for glass that  Q is 
propor t iona l  to the %mol concent ra t ion  M of network-  
forming oxides; SiO 2, B203, and P205. He finds the 
following semiempifical  formula for the permeat ion  
constant :  

k = 4.8 × 10 .7  e ( 2 6 0 M  3"OxIO4)/RT, ( 1 0 )  

where M is in percent,  R is c a l / m o l  K, T is in K, and  
the units  of k are cm 3 gas (NTP)  per  sec per  cm 2 area 
per  mm thickness per  cm Hg gas pressure difference. 
Fig. 1 shows a plot of k vs %tool M of the network-for-  
ming oxides at  various temperatures.  

When  our tests with the 5 in. E MI  PMs  were com- 
pleted, the PMs were shat tered to measure the glass 
thickness. The  glass composi t ion  was ob ta ined  from 
T h o r n - E M I  corpora t ion [15]. I t  tu rned  out  tha t  the 
bu lb  and  shaft  were manufac tured  separately f rom dif- 
ferent types of glass and  jo ined with three fur ther  glass 
types over a span of 1 cm to avoid an  abrupt  change in 
the coefficient of thermal  expansion.  The shaft  thick- 
ness is = 1.0 m m  and  the bu lb  thickness is = 2.0 mm. 
The %mol of network-forming oxides in the bu lb  and 
shaft  a r e  M b u l b  = 93.1 and  M s h a f  t = 90.0, respectively. 
The  permeat ion  cons tant  for the bu lb  at T =  300 K is 
then [161: 

k = (2.9 + 1.0) × 10 11 (bu lb ) .  (11) 

For  the remainder  of the tube, the permeat ion  cons tan t  
is: 

k = (6.2_+ 2.1) x 10 - n  (shaf t  and  jo in t ) .  (12) 

The bu lb  has an area of 410 cm 2 and  the rest of the 
tube has an area of 110 cm 2. Thus  the bulb  accounts  for 
92% of the s teady flow of He into the photomult ipl ier .  
The  volume of the PM is V = 810 cm 3 so that  f rom eq. 
(7) the pressure of gas accumulated  in the PM as a 
funct ion of He exposure,  tz~p, is calculated to be: 

Ptube = 7.6 x 105 q = (36.8 _+ 12.5) t,.ip (13) 

where the uni ts  of t a p  are d atm, and the units  of Ptube 
are ffm Hg. Thus  the internal  pressure will reach = 100 
t~m Hg (for which we expect to see Townsend  dis- 
charges as discussed in the last section) after an ex- 
posure of t a p  = 3 d atm. 

So far we have only considered the steady-state form 
of Fick 's  law. It turns out  tha t  the t ime-dependent  form 
of this law predicts  tha t  there is a finite t ime required 
for gas to diffuse th rough  the glass membrane  and  begin 
the steady state flow given by  eqs. (7) and  (8). This time 
lag L depends  upon  the initial concent ra t ions  of gas 
C 0, C 1 and  C2, inside, and  in the low and  high pressure 
regions, on  either side of the glass membrane ,  respec- 
tively. It also depends  upon  the diffusion cons tant  D 
and  the thickness z of the m e m b r a n e  [17]: 

L = O ( C 2  _ C1 ) 4- ~ -  + . ( 1 4 )  

C o and  C 1 are negligible compared  with C2 so that  the 
lag is given by: 

Z 2 
L° = 6-D'  (15) 

i ndependen t  of C 2. The  diffusion cons tant  D has units  
of cm 2 s-1  and  has  a numerical  value which is related 
to the pe rmea t ion  cons tan t  k as D - (500-2000)k  [18]. 
Thus  for z = 0.2 cm, we est imate a t ime lag L 0 on  the 
order  of 1 - 3  d for the PMs  used in our tests [19]. For  
PMs opera ted  in regions which have very high He 
concentra t ions ,  this t ime can correspond to a consider- 
able He exposure.  

In our tests, the He pressure outside the PM was 
initially 5 psi in the case where the PM was directly 
exposed to He, and  24 psi in the case where the PM was 
submerged in mineral  oil. A delay of one day thus 
corresponds  to exposures of 0.3 d arm and  1.6 d arm, 
respectively. The  t ime lag L 0 should therefore have a 
very p ronounced  effect in the mineral  oil test in part icu-  
lar. In the next  section it will be seen that  this is in fact 
the case. 

U p  to now we have not  ment ioned  anyth ing  about  
the effect of the mineral  oil in our  second test. O u r  
group is current ly  involved in the M A C R O  exper iment  
at  G r a n  Sasso (see the M A C R O  Technical  Proposal, 
November  1984, unpubl ished) ,  which will use a large 
quant i ty  of l iquid scint i l lator  having a mineral  oil base. 
We are par t icular ly  concerned  about  the effects of He 
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on PMs in this exper iment  because a major  par t  of the 
experiment  will comprise s t reamer tubes in which He 
will be the pr imary  chamber  gas. The PMs in this 
experiment  will be immersed in mineral  oil in order to 
match  the index of refract ion of the material  in the 
immediate  vicinity of the PMs to tha t  of the liquid 
scintillator. The oil could conceivably add to the t ime 
lag L 0 and also reduce the permeat ion  rate. For  solid 
organic polymers having composi t ion similar to tha t  of 
mineral  oil, Nor ton  [5] states values for the permeat ion  
cons tan t  on  the order  of - -10  s, corresponding to a 
diffusion cons tant  D ~ 10 -5. For  liquids, the diffusion 
cons tant  of even heavy gases, such as nitrogen, at room 
temperature  [20] is as high as 4.0 × 10 -5 and  so we 
expect D for He to be at  least this large. Thus  the 
mineral  oil in our tests, which had  a dep th  of several 
cm, is not  expected to add more than  = 10% to L 0 and 
should have negligible effect upon the permeat ion  rate 
in the steady state. 

4. Tests  performed with 5 in. E M I  photomultipl iers 

In the first test, a 5 in. EMI PM was placed in a 
chamber  that  was initially filled to a part ial  pressure of 
5 psi with He [21]. In the second test a 5 in. PM was 
immersed in a mineral-oil-filled pyrex beaker  before 
placement  in the chamber .  The He pressure in the 
second test was 24 psi. The PMs were powered at 
= +1350  V and  --- + 2 0 0 0  V respectively (cathode at 
ground).  The PM bases used a resistor network that  
divided the voltage between stages such that  the first 
stage (pho toca thode- f i r s t  dynode) had  roughly 4 t imes 
the voltage drop of the 10 successive mult ipl ier  stages, 
all of which had  the same potent ia l  drop. Thus  the first 
stage voltages were = 400 V and ~ 600 V in the two 
tests .For bo th  tests, dark noise and  afterpulsing were 
monitored.  Pr imary electrons were produced in the PMs 
by flashing a green LED near the photocathode.  The 
LED pulse was such that  = 1 - 3  photoelectrons  were 
produced for each flash. A 100 M H z  trace recorder with 
32 kbyte memory  uni t  was s topped when the LED was 
flashed to allow the subsequent  anode  signals, occurring 
up to ~ 150/~s after the L E D  flash, to be digitized and  
wri t ten to minidisk for storage. In the mineral  oil test, 
strings of n > 2 afterpulses were also moni tored.  For  
overnight  monitoring,  a s c a l e r / t i m e r  was used in con- 
junc t ion  with a gate generator  to produce triggers for 
the LED pulser and  stop signals for the trace recorder  
every 1000 s. The events were stored on minidisks (these 
have a capacity of 39 trace recordings and so the 1000 s 
spacing of triggers insured that  data  was taken 
throughout  the night). Dark  noise and  afterpulse rates 
were measured in the dayt ime only. 

F rom eq. (3), the voltage across the ca thode and  first 
dynode  in the 5 in. EMI  PMs leads to an expected 
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Fig. 2. The % of LED flashes which are followed by an 
afterpulse at t _> 500 ns, as a function of exposure to He in the 
second test (PM in mineral oil and V 0 = 600 V). The first data 
point is taken to represent the initial noise level in the PM 
prior to exposure to He. The remaining points are fit to a line, 
as shown, to determine the time lag L 0 before the steady-state 

flow of He into the PM begins, as predicted by eq. (15). 

afterpulse delay of ~ 1.2 _+ 0.3 #s  for singly ionized He. 
For  this reason the occurrence of afterpulses later  than 
500 ns after the p r imary  pulse were moni tored  as one 
measure  of He contamina t ion .  Fig. 2 shows a plot  of 
da ta  from the second test, in which the fract ion of 
pr imary  pulses followed by an  afterpulse at  0.5/2s < t < 
10.0 /~s relative to the pr imary  pulse is counted.  After  
several d a tm of He exposure the occurrence rate begins 
to rise roughly linearly. The data  were least-squares-fit  
to a line. We find that  if the first da ta  poin t  is included 
in the sample, the fit has a X 2 value of 25.0 for 6 
degrees of freedom. If  the first point  is not  included, the 
fit has X 2 = 4.0 for 5 degrees of freedom. We conclude 
therefore tha t  the first da ta  poin t  represents  the rate of 
occurrence of afterpulses in the PM due to gases which 
were t rapped  in the PM before it was exposed to He, 
and  the subsequent  l inear rise is due to the l inear  
accumula t ion  of He (see eqs. (7) and  (8)) with exposure. 
The  line which best fits the sample (fig. 2) intersects the 
init ial  noise rate at  an  exposure of t a p  = 3.1 ± 0.1 d 
arm. For  Ap = 24 psi, this means that  the t ime lag 
required for He to diffuse through the glass and  com- 
mence  steady state flow in to  the PM is L 0 = 1.9 + 0.1 d. 
This is consis tent  with  the t ime lag that  we est imated 
using eq. (15) (see the discussion above). 

In most  uses of PMs, the ambien t  part ial  pressure of 
He is Ap << 1 a tm so tha t  the t ime lag L 0 will corre- 
spond  to a very small  exposure (unless the diffusion 
cons tan t  D is very small  so that  L 0 >> 1 d). For  this 
reason we will subt rac t  the He exposures dur ing the 
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first test after correcting for the time lag L 0. 

delay time in order to present  our  results as a funct ion 
of He exposure during which steady-state flow of He 
into the P M  takes place [22]. Hencefor th ,  "exposure"  
will thus be unders tood  to mean  exposure after  subtrac-  
t ion of the t ime lag L 0. 

Fig. 3 shows the measured percent  of L E D  flashes 
followed by n > 1 afterpulse at t >_ 500 ns for the first 
test after subtrac t ion of L 0 as measured  in the second 
test. A line fit to the data  in the figure has  y- intercept  
consistent  (within uncer ta inty)  with  a rate of 1 -2% as 
measured in the p m  prior to exposure to He. The  delay 
t ime L 0 is calculated to be the same for the PMs used 
in the two tests to within an  overall measurement  uncer-  
tainty of = 20%. It follows that  the He diffusion and  
permeat ion  propert ies  of the tube glass in the two PMs 
is also the same to within this level of uncertainty.  

In each test, the mean  single-photoelectron pulse 
height  was crudely measured to + 50%. Thus  a factor  of 
2 difference in the mean  n u m b e r  of pr imary  electrons 
(n 0 in eq. (4)) in the two tests is no t  unlikely and  would 
explain the factor of 2 difference in the slopes of the 
rates presented in figs. 2 and  3. 

In fig. 4 data  are shown in which the f ract ion of 
LED flashes followed by strings of n > 2 afterpulses of 
dura t ion  zSt > 500 ns were counted  in the second test. 
The  rate of occurrence of these strings is seen to in- 
crease as ( t A p )  m, where m =  1.8 +0 .4 .  Init ial ly the 
strings are due to a combina t ion  of the recurrence of 
s tandard  afterpulses, and afterpulses result ing f rom 
electrons freed in H e + - H e  collisions. This is evidenced 
by the fact tha t  the delay between some, bu t  not  all, of 
the pulses in the str ing is roughly cons tan t  at abou t  
1-1.5 ~ts (see fig. 5a). At  greater He exposures, the delay 
between pulses is more frequently shorter  than  tha t  

expected for s t andard  afterpulses, indicat ing tha t  He + 
ions are con t r ibu t ing  more  to the ionizat ion of He 
a toms [23] (see fig. 5b). As expected, the dura t ion  of the 
strings was observed to grow. Ul t imate ly  strings as long 
as - 10 -50  /~s, like tha t  seen in fig. 5c, were seen for 
the major i ty  of LED flashes. The  mean  n u m b e r  of 
afterpulses per  p r imary  pulse was moni tored  by  using a 
d iscr iminator  and  scaler to count  the n u m b e r  of t imes 
the anode  signal crossed a threshold of 30 mV, ( =  1 / 2  
photoelectron) ,  in 10 ~s after  the LED was flashed. (A 
coincidence uni t  was used to produce  an enable  signal 
for the scaler only when  both an LED pulse trigger and 
a pr imary  pulse above 30 mV occurred.) Fig. 6 shows 
plots of da ta  f rom these measurements .  In the first test 
we see tha t  the mult ipl ici ty of afterpulses increases 
exponent ia l ly  with  exposure.  In the second test the 
n u m b e r  of da ta  points  is insufficient  to say whether  the 
increase here is also exponent ia l  [24]. 

Strong evidence for the occurrence of Townsend  
discharges is seen in the plots  shown in fig. 7 of the 
dark  noise in the PMs. The  dark noise initially rises 
exponent ia l ly  with exposure. With  fur ther  exposure the 
rise becomes faster than  exponential .  This type of be- 
havior  is character is t ic  of the approach  to breakdown 
predicted by Townsend.  The  exposure required for this 
to happen  in the tests is seen to be -- 2 and  5 d atm, in 
rough agreement  with  our  est imate of 3 d a tm as 
discussed in the last section. The  difference of ~ 2 - 3  in 
the exposure required for discharges in the two tests is 
most  likely a t t r ibu tab le  to the difference in the first 
stage voltages, V0, used in the two tests. 

In  part icular ,  for a given electrode gap size d, the 
singulari ty condi t ion  of eq. (4) is de termined by  the 
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4 .  T h e  % occurrence of LED flashes followed by at least 
two afterpulses in the second test. Only strings of pulses of 
duration A t >_ 500 ns were counted. The data rise roughly as a 

power of the exposure, (tAp )" ,  where m = 1.8 + 0.4. 
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Fig. 5. (a) Primary pulse followed by standard He afterpulses 
mixed with afterpulses initiated by electrons freed in H e + - H e  
collisions. (b) An early Townsend discharge occurring after an 
exposure of = 2 d arm in the second test. In this case it is seen 
that the afterpulses are almost always separated by times 
significantly less than 1 Vs. (c) Townsend discharge of duration 
At = 40 /~s after an exposure of = 3 d atm in the second test. 
The amplitude and time scales are marked at the left side of 

the signal traces. 

T o w n s e n d  coef f i c ien t s  a a n d  13. T h e s e  in t u rn  d e p e n d  

u p o n  the  p r e s s u r e  o f  the  H e  gas  in the  p m  a n d  the  field 
s t r e n g t h  (see ref. [11]). I n  the  d i s c u s s i o n  above  r ega rd -  

ing  the  m e a s u r e m e n t  o f  the  t i me  lag  L0,  we c o n c l u d e d  
t ha t  the  p e r m e a t i o n  p rope r t i e s  o f  the  t u b e  g lass  in the  

P M s  d i f fe red  b y  less t h a n  = 20%. T h e  a m o u n t  of  H e  in 

the  t ubes  as  a f u n c t i o n  o f  e x p o s u r e  will t he re fo re  be  
ve ry  nea r ly  the  s a m e  as well.  O n  t he  o t he r  h a n d ,  the  

c o m p l e x i t y  o f  the  d i s c h a r g e  p roce s s  m a k e s  it d i f f icu l t  to 

ca lcu la te  the  effect  o f  v a r y i n g  the  gap  vo l t age  V 0. S o m e  

s i m p l e  ca l cu la t ions  we h a v e  p e r f o r m e d  do,  however ,  

i nd i ca t e  t ha t  the  d i f f e ren t  vo l tages  u s e d  in  the  two  tes t s  
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Fig. 6. The mean  number  of afterpulses counted in the time 
period, 500 ns < t < 10/~s after the primary pulse occurs, as a 

function of exposure to He in both tests. 

cou ld  af fec t  the  e x p o s u r e  r equ i r ed  for d i s c h a r g e s  to 

occu r  by  a f ac to r  o f  2 or  so  [25]. 

T h e  d a r k  no i s e  r a t e s  a re  a lso  seen  to beg in  to p l a t e a u  

a f te r  r o u g h l y  3 a n d  7 d a t m  exposu re s .  T h i s  is pa r t ly  

d u e  to the  fac t  t ha t  as the  m e a n  free p a t h  for ine las t ic  

co l l i s ions  o f  H e  + w i th  H e  b e c o m e s  m u c h  sma l l e r  t h a n  

t he  gap  size d,  t he  k ine t ic  e n e r g y  g a i n e d  by  the  ions  

b e t w e e n  co l l i s ions  is m o r e  l ikely to be  be low 100 eV in 

w h i c h  case  the  i o n i z a t i o n  c ross  sec t ions  a re  smal l .  

A n o t h e r  c o n t r i b u t i o n  to th is  effect  m a y  be  the  c a p t u r e  

o f  p h o t o e l e c t r o n s  by  pos i t i ve  ions  w h i c h  a c c u m u l a t e  in 

i n c r e a s i n g  n u m b e r s  n e a r  t he  p h o t o c a t h o d e .  
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Fig. 7. Dark noise rates as a function of exposure in both tests. 
The dark noise is seen to initially rise exponentially and later 
to rise at a faster than exponential rate as expected for the 

occurrence of discharges. 
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5. Conclus ions  

F r o m  our  tests we can  conc lude  tha t  H e  p e r m e a t i n g  
in to  pho tomul t ip l i e r s  can  r ep resen t  a ser ious source  of  
deg rada t i on  of  p e r f o r m a n c e .  F o r  tubes  in wh ich  the  
%mol  concen t r a t i on  of  n e t w o r k - f o r m i n g  oxides  in the  
glass walls is high,  even relat ively low a m b i e n t  H e  
concen t r a t i ons  can cause  ser ious d a m a g e  to the  P M s  
over  per iods  of  several  years.  The  noise  level resu l t ing  
f rom T o w n s e n d  d ischarges  r ende r  P M s  effect ively use-  
less for  mos t  appl ica t ions .  The  exposu re  requ i red  for 
d ischarges  to occur  can  the re fore  be  i n t e rp re t ed  as the  
l i fe t ime of  the  p m  scaled by  the a m b i e n t  H e  p ressu re  
A p .  

I t  has  been  seen in the  analysis  above  tha t  the  
i m p o r t a n t  var iables  for  d e t e r m i n i n g  the  l i fe t ime of  a 
P M  exposed  to H e  are (a) the  %mol c o n c e n t r a t i o n  M of  
n e t w o r k - f o r m i n g  oxides  in the  tube  glass, (b) the  am-  
b ien t  H e  p ressure  A p ,  (c) the  m e a n  ion iza t ion  cross  
sec t ion  o for  H e  + coll is ions wi th  He,  and  (d) the  
geomet ry  of  the  P M  (surface  area A, vo lume  V, thick-  
ness  z and  p h o t o c a t h o d e - f i r s t  d y n o d e  gap size d) .  
G i v e n  this in fo rma t ion ,  the  H e  exposu re  requ i red  for 
T o w n s e n d  d ischarges  to begin  to occur  regularly,  can  be  
e s t ima ted  by  c o m b i n i n g  eqs. (5), (7) or  (8), (10), and  
(13), i.e.: 

t A p = 1 . 2 ) < l O - 3 [ ~ ] ( ~ d ) e - ( 2 6 ° M  3"0 × 1 0 4 ) / R T .  

(16)  

As  seen in our  tests,  the  gap vol tage Vo m a y  be  r e s p o n -  

. . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  

lo z - / Vo = 400 

A '  

,.~ l o  1 

5 
10 0 

. . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  
85 h7.5 90 925 95 97.5 100 

M% 

Fig. 8. The linearized exposure, (tAp)(Ad/zV), required for 
the regular occurrence of Townsend discharges to occur in 
PMs as a function of the %mol of network-forming oxides in 
the tube glass and for first stage voltages V 0 of 400 V and 600 

V. 
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Fig. 9. The calculated time lag L 0 as a function of the %mol 
network-forming oxides for four typical PM glass thicknesses, 
z = 1, 2, 3, and 4 mm. (We assume that the diffusion constant 
is given by D = 103 k so that actual time lags could differ by a 
factor of 2 from those indicated by the plot - see the discus- 

sion following eq. (15)). 

sible for a fac tor  o f  2 or  so d i f fe rence  in the  P M  
lifet ime.  Fig.  8 shows  p lo ts  o f  the  linearized exposure, 
t A p ( A d / z V ) ,  ca lcu la ted  f r o m  eq. (16) as a func t ion  of  
%tool c o n c e n t r a t i o n  of  n e t w o r k - f o r m i n g  oxides,  where  
we  have  ex t r apo l a t ed  f r o m  our  m e a s u r e m e n t s  to indi-  
ca te  the  poss ib le  va r ia t ion  to be  expec ted  for P M s  
o p e r a t e d  wi th  V 0 = 400 a n d  600 V. 

Fig.  9 p lo t s  the  lag t ime  L 0 (eq. (15)) also as a 
func t ion  of  M ,  for  var ious  typical  P M  glass th icknesses  
z = 1, 2, 3, a n d  4 mm.  F o r  app l i ca t ions  in wh ich  the  
a m b i e n t  H e  p ressu re  is expec t ed  to be  high, the t ime lag 
can  c o r r e s p o n d  to a s igni f icant  exposure ,  as was  the  
case  in our  tests.  In  such  ins tances ,  the  t ime lag m u s t  be 
i nc luded  to ob t a i n  a m o r e  accura te  e s t ima te  of  the 
l i fe t ime of  the  pho tomul t i p l i e r .  
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