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.·~STRACT 

;· 
...... ·,. 

I':. . . .·· 

A gas scintillation counter is described which operates to 40 atm 

;.i 

. :(. 

pressure. An attempt was made to _maximize the scintillation light O\ltput in 

helium. Helium-scintillation properties studied with this counter include the 

effect of various wall-coating materials, gas-purity effects, the linearity.o£ 

pulse height with energy, and the variation of pulse height with pressure. 

With purified helium and for a given amount of energy deposited in the gas, 

the scintillation pulse height was found to increase with pressure P 

approximately according to the func.tion kP/( i + KP), where k and K are 
• • \ j 't . 

' 
proportionality constants. A semi-,quantitative argument is presented, 

explaining this pulSe-height increa~e-with pressure in terms of el~ctron-ion 
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I. INTRODUCTION 

In conjunction with an experiment to measure muon-capture rates in 
' 

;} helium, 1 we have studied some properties of scintillations ln helium gas • 

· Tliis article reports our observations, and attempts to exp¥ain an observed 

increase in pulse height with gas pressure. A recent article by Murray 

summarizes a large fraction of the work done on noble-gas scintillation. 2. 

Because the mechanism of scintillation is complicated, most information 

about gas scintillation is empirical. By coating the walls of the gas container · 
.. 

with a "wave shiftern backed by a reflecting material, .previous investigators 

ob.tained the most light output for a given amount of deposited energy.· (A 

wave shifter is a phosphor that absorbs the ultraviolet light of the primary 
.I 

. scintillation and radiates it in a spectral region more nearly matching the 1,; 
; ' I 

. .. 

. 
spectral sensitivity o£ the photocathode.)' Using the previous investigations as , 

.. ... . 
· a guide, we performed several tests in an eff~rt to increase the light 

collected by the phototube. The final configuration of our gas counter is 
,n, ) ! . . . . . . '3 '. ' . ·. ·.·;· ·l 

similar. to that described by Shamu .. · 

·' 
II. COUNTER CONFIGURATION 

Figure 1 is a sketch of our apparatus. ·Helium gas at liquid-nitrogen·· 
' ' .. 

temperature <~ 80·°K) was held in a cylindrical stainless steel vessel with 

Lucite windows. Pressures ranged from 0 to· 37 atm (absolute) • 
. . . 

A leaktight seal of Lucite to stainless steel at liquid-nitrogen· 

.temperatures and pressures up to 40 atm was difficult to obtain. The 
·- ' .. ' ,_. ~ ~ .. : . 

successful design~ achieved a£te~. tlia:iiy, 'tests, ·is shown roughly in Fig. 1.4 .. ·. . ·~ . ~ . . 

' : . . . . •: ' :; ; ~ .· ~. ~' / . ' ' . . . 

The seal .is basically a shaped.K~I+-:F 0-::rin~:bearingagainst-specially shaped·.· . 
. •' ; :: < . \ --->,I'_.·~-·· .. ,._.-. ... _.·:~. ~--· '--~ ~-·· -~J ... :.·::·:.::~·-·-k:;~!-~~~-'.:. ~- ·. ··,·. .· ,' . < '~· . >. t ._-~r. 
surfaces:_'·All the·_·contacting·_surface:s·W.ere.::p~instakingly,_polished, since-the.· ·.'. 

~ -·: .; ::; .... _. . 

.. ~" ': ~. ·:' 

' ~ I 

•' ' 

. • i', .. . -. '· . .. 
·"" . .l, 
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most minute scratch constituted a large leak. Aleaktight container was 

necessary both to keep the expensive He 3 gas (used in the :n;1uon-capture 
~-

· • experiment 1) from escaping and to prevent impurities frork'entering the gas 
·~:· . ' t . 

· · cell while it was under vacuum. ·The final leak rate through the window seal 

was about 2 cc per month at 30 atm, and the loss through plumbing joints' was 

perhaps a factor of 100 greater tha~ this. Thus, . the amount of gas lost. 
)' 

through leaks was negligible. · 

·The gas was surrounded by a cup-shaped plastic scintillation counter. 

This counter had an inner diameter of 4 in. and an inner length of 5 in. 

Counters BZ, 3, and 5 (the cup counter) were used in the· muon-capture 

·experiment, and were not important for the scintillation tests. The inner 
. I 

wall of the cup counter was coated with a highly reflective, opaque layer of \\ 
.,, . . ' . 

j. 

.. 
( 

. aluminum ( 0. 3-tJ.. thick) which prevented the scintillation light from the gas 

from mixing with scintillation light from the· cup. 

Light from the gas scintillator was channeled out .of the front Lucite 

window through a hollow aluminized brass elbow into an RCA 7046 

photomultiplier I( counter. 4). An attempt was made to take additional 

scintillation light out through the edge of the Lucite window; however, tests 

,_·.' 

showed that not enough light came out this way to make the effort worthwhile. · · 

Pulses fromthe phototube were sent through the electronics shown in 

Fig. Z. TJ:ie positive signal from the last dynode of the phototube was used to 
. . 

gate the negative anode signal. ·After amplification the anode signal was 

delayed so that it fell within the 150-nsec pulse from the gate generator. 

Finally, the amplitude of the integrated ~node_pulse was measured on a 

. ·' 

J . 

.v. i 
. '1!/ . .. ·" 
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proportional to the scintillation light occurring within the 150-nsec gate. The 

scintillation light in· turn should be proportional to the energy left in the gas. 

An Am241 a. source deposited on the end of a curved steel wire could 

1:• be 'inserted into the helium gas through a gas -lock system. The source could 

. ·-·~· 

' 
, .!' 

;-.', ·.- ·;· 
,, 

. ' 

. ·' 

be moved around to different parts o£ the gas cell in order 'to check the 

uniformity of response inside the gas ·:volume •. It was also used for frequent 

energy calibrations of the gas scintillator. Other calibrations were obtained 

. from the r~actions. n + He 3 -p +H3. (Q = ~. 77 M~V) and tJ.- +He3 - H 3 + v. (triton . . . .. 
recoil energy = 1.896 MeV). , l 

. - . 

) 

TII. WALL COATINGS. 

Three different wall cqatings were tried: (a) sodium salicylate on 
,J 

. ' ·' aluminum, (b) p-p' diphenyls&ilbene (DPS) on aluminum, and (c) DPS on MgO 

backed by aluminum. The front Lucite window·had a transparent coating of 
. ., 

about 30 tJ.g/cm2 of DPS in all the tests as well as in the final experimental 

arrangement. The DPS and al'!minum coatings were in all cases obtained by 

vacuum evaporation. The MgO was smoked onto the cup counter by burning · 

a magnesium ribbon inair. 

The sodium salicylate, dissolved in a methyl alcohol solution, was 

sprayed onto the aluminum surface to an .averag~~hickness of ""1 mg/cm2• 

Under optimum conditions this coating gave a r'esolution (FWHM) .of 27% of 

the pulse height for the 5.4-MeV Am241 a.. source •. This variation in pulse 
. . ·/ 

height was due to the random natureof Pfoton c?ll.ect~o·~ and indicated t/ the. 

photomultiplier. col.lecte~ ~_6~. photoelect~ons. ~or ~ach ,n\• particle pulsy Ther~ :< 
was also a. 30% variat~·on in.pulse h~ight as .the. a. source moved over the 

. ' ... • / \ . . . /. . • ... ; . / , . . . ' I. . ' ' : ,· 

volume\of 'the heliui ~as:_.\ I~ t~~~?ac.:tu.~·!/fP:·~?;:nt,,lig~t ca~e f~~m 'on~ 
capture'events all.rter the \ga~/vol~~-e{ and;~~~efor~ t~~:s._va~ia·i1o~idds ;to 

the res~lution.co;:ing fr~~ ;h~.t~~:~t~t~.?n stat~.~t~c~·.:: .. ·'' '· · . ,. , ... /;·" > . 
\ / .. \' . :;;' ' .· ·: ' :: .. . '" / / / ' 

f ••. 

'i 

··~ . 
' \. 
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In the test with abou~ 100 IJ.g/cm of·:OPS coated directly on the aluminum 

I . , . ; / / . . : . / 

.i surface', the pulse ~height v.~riation o~er the gas volume was ext;kme~t1bad and 

··: in fact varied as the solid angle of the phototube, showing that only 11ght 
~ I • I 1 'l 
t heading toward the phototube reached it.· That is, there waszery .little' . 
f · I -,1 I 

reflectio~ of l~ght from the rirs and aluminum surface. Thi is in
1
,ccord with 

the view that ~ large fraction of the light generated in the jPS u~d~rgoes total 

internal reflection. 

,. ' 

In an attempt to get the internally reflected light out, 
/ 

several samples were made with the .Al and DPS coatings ~n a rough 

(sandblasted) surfa~e. This increased the light output ·substantially; however 

there was still much less light from this combination than with the DPS 

deposited on a white surface; such as paper. 

The final configuration tested consisted of a -so IJ.g/cm2 thick layer o~:' 
DPS backed by -1 mg/cm2 thick·.layer of MgO. deposited over the aluminum 

coat that covered the cup counter. Magnesium oxide is a white, diffusely 

reflecting substance and has a high reflectivity for both visible and 

ultraviolet light. .Because of its granular surface, it does not allow much 

light to be internally reflected in the DPS coating. With the MgO and DPS 

combination, the a source had a 16o/o resolution under the best conditions 

and the pulse height varied only 5"/o overthe volume of the gas. Thus this 

combination is about three times ·more efficient than the sodium salicylate. 

·wave shifter •. Since it' did not appear that we could do much better than this, 

the MgO and DPS combination·was chosen for the muon-captur·e experiment. 

IV .. 

; ' 

GAS-PURIT.Y EFFECTS 
; 

~ . .· 

.Many researchers have found that the purer the gas,· the more 
' '• ' ~. ' ' . . . 

. ,. . ~ . 

~'' 

scintillation light output. 5 · .. ·.Our 'results again. confirm this fact. At room ·. 
. . . . . \.' . ' ~· . f ', ; ~· 

·temperature we found. that the pulse': height decreases to about halfin 2 ho1.1rs. · 

• ') '; ~tJ .;·l~::~ I :.·>·< • . '·, 
. :' . ' ': < :;~;:>:~ '.: .. _';: ~;: ·.< '.: ~ ;~ ~ ' ' ·., ... 

' '. 
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(.' '. ·.· 

This presumably is due to contamination of the gas by the wave -shifter /1 '•' 

coating. ~hen the gas container was cooled to dry-ice temperature (195°K) · 

this effect disappeared and' the pulse height remained stable in time; in fact, 

a <!ontaminated gas recovered its original properties. Additional cooling (to 

1 liquid-nitrogen temperatures) did not further increase the 'pulse height. 
'• 

By passing reactor-grade helium through powdered charcoal maintained 

at liquid-nitrogen temperature, we doubled the scintillation pulse height~ 

Passing the helium through a liquid-nitrogen trap improved the light output 
., 

only slightly, thus showing that the. absorbing propertie.s of charcoal were 

essential in the purifiCation, All indications were that a further purification 

of the gas could lead to an additional .increase in pulse 'height • 

.V. PRESSURE EFFECTS 
,· 

Early in the scintillation tests we noticed that the pulse ··height increased· 

with increasing pressure. This effect occurred with both the DPS and 

sodium salicylate wave shifters. Figure 3 shows the pulse -height variation 

with pressure of the a. source's 5.4-MeV peak. The range of the alpha was 

entirely within the gas for all points above 2 atm. Gas impurities change.d 

the shape of this curve by caus~ng lower saturation levels, 

Shamu reports a similar pulse -height increase with gas pressure, 3 but 

.. gives no explanation for this increase.': Rubbia and Toller report there is no 

· .. variati~n in pulse-height for helium pressures between 20 and 100 atm. 6 

... 
Figure 3 seems to confirm this.: 'The small decrease in pulse height above 

_.· 30 atm is probably due to absorption of th~ scintillation light by the source 
·.. . , ; ·r ) , .. 

:·-. holder, since at these pressures·the::t:ange_ of~he a.· parti-cle is of the same 
. . ' . :;~ ' -.:· ,_. ~ ': ': . . 7 

· .· '· order o_f magnitude as the source. dimensions.: If the· data of Avivi and Cohen 

·, 

. ·. ·, .' :. ~, ': .i .,; ' . ·! 

, ·' · · · ., for scintillations.in ·Xe and Kr.i belb~· ·1·at~:· (;r~om temperature}: is combined·· 

· · ·· , · .·. · ,. ~::t.l.r; ~:t·.) ·u};i.·: · , ·' : ·• . . 
. ! fl t··:f . ' ~ .. 

. • . 

'·. 
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with that of Sayres and wu8 above ZO atm, one can see that a shape like -

Fig. 3 is a general property of noble gas scintillation. The overall pressure 

variation shown in Fig. 3 has not been reported previously,1- because for one 

·-reason or another observers did not make measurements between 1 and --;': 

10 atm. It also appears that the pulse .height in the heavier noble gases 

increases more rapidly with pressure and therefore saturates at 'lower 
. • . 'I. ./ 

pressures. 
. 

The increase in pulse height up to pressures of ZO atm is associated 

with the lifetime of light emission from helium. ·If the helium scintillation 

pulses are observed on an oscilloscope,. one notices a var'iation with pressure 

in the timing of the scintillation light. At low pressures (""1 to Z atm) some 

. pulses associated with the
1 

a. particle occur as ~uch as ZO 1-1sec after the -
1
\: 

, . I 

initial pulse. As one increases the gas pressure these late pulses occur ·; 

sooner, and by the time the pressure has reached ZO atm_one can no longer 

observe any slow component of the light. At all pressu~es it appears that if 

one could integrate all the output light over time, there would be no variation 

with pressure. lin our electronics system the pulse -height analyzer 

measures only helium scintillation light that occurs in the first 100 nsec after 

the start of scintillation. Thus the variation Of the pulse height with 

. _pressure is due to a variation in the timing of the output light. Avivi and 

Cohen also observe this pressure variation of the light-emission rate in Xe 

and Kr and obtain light-emission __ lifetimes of -1 1-1sec at 1/2 atm. · 

Qualitatively one would expeCt that the electron and ion densities associated 

with ionization by an a. particle would increa~e proportionally with the 

pressure- (the a. ·range is 1nveTsely proportional to the pressure). This · .. 
. . - . ' 

would mak·e it--easier at. the higher ~.ressures !'or the electrons and ions to- -,. 
. .1 '; •· v • d • • • 

recombine and to produC:e the scintillation ligh~. Avivi and Cohen attribute 
~ • , • • r ' , <II. 

• ... < • ' . • • ' ~ • 

' . :;J;; '.~.~-.[.'.): :~ :1 ... 
•• •• l • ~-·· 
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their long decay times to the prod~ction.of metastable states that yield light 

when collisions occur with other atoms, However, the semi-quantitative 

calculation given below shows that these ~ong decay times are ad~quately 

: ~xplained by the recombination. lifetime of·electrons and ions . 

VI. ELECTRQN .. ION RECOMBINATION TIMES IN HELIUM 

If n_ and n+ are electron and ion densities respectively, then the rate 

of rec~mbination_...~~ 10 : .;. 
't 

an+ an 
·~= 

at ·at 
( i) 

where t. is the r'~'combination constant and equals 1. 7X 10-S cc/ion-s'ec in 
: . II 

helium at -1/30 atm. 11 . The recombination constant should be independent ~r 

pressure, but no m.easuremertts of t ·have been made in our pres sur~, range. 
1 

The first dif~erential equation gives. n = n+ ~·~.- + c where c .. ::: 0. for an· .'· 

electrically neut:r:al gas •. ·Substitut.ing n ·in Eq;; ( i) and ,solving the , 
. '· . 

differential equation, one .obtains ··i·: .' 
' ' . ' ' 

I •l,,. o ••- ' 
• ,, li ~ .• . ' 

i r ' ! 
~' ·, :. \" . ' 

._( 2) 

where n
0 

is the initial ion den.sity. The density of recombinatiorts occurring. 

betw~en t = 0 and . t 
1 

is just the. d.i.fference between the initi~ ion density, 

no, and the density at time ti' i~ e., ' .·· 

( 3) 

' ' 

' .. 
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.! one. can write 
' I 

I 

\ 
I. 

~ I . I i I ~ 

N~~,v{[/ KP ]'· . \' ' ;;
4

) 

~ 1 +KP · · .f. 
,' . . . ' I I 

where K e n0t,t 1/~·· is appr
1~xirnately·inc;lependent of the preisur~·:1P. Since 

'· V is roughly.inversely propOrtional to P and n0 is prop~~l.ionf!i/o P, the 

product n 0 V should be independent of the pr.essure. ·'Thus the, light' output can 

be written 

= kP i 
1+KP' 

.·. '· ., .:1 . / / 
/ ! 

I ' I , 

/ 
I (5) 

where k is a proportionality constant independent of the pressure. The 

solid line in Fig. 3 is a curve of this shape with K = 0.17/atm, and it fits tl'ie 
. . ,' 

' 
data points below 20 atm reas_onably well. The discrepancy with Eq. (5) of 

the data above 20 atm could be real, but more likely is due to a nonadiabatic 

change irt the gas pressure near 20 atm. Pumping the gas into the target 

. required a rapid and uncontrolled increase in the pressure from 20 atm to the 
. . 

maximum press
1
ure near 37 atm. All points in this r.egion were obtained while 

decreasing the gas pressure. The rapid increase in pressure during pumping 

could have caused a decrease in the pulse height and could explain the 

·deviation of the data points from the solid curve. 

In any event, one can calculate <,1 value for K from the expected 

a.-ionization density to see if it c~ecks with the value o.f k o:t>tained from 

curve fitting •. If one uses the ratio of 30 eV. p~r i?n pair. produced by the fi., 
. ' . . ' ·~ .. :-'.' ~ : .,. ; . ; _:'"', .. 

. one obtains for the expected a~ioriization densit}r~. ·::_:"' .:'<. {] ,-·: t • ;. ' 

! t ~~" ! • 

r, ''!• •'' 
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At a pres sure of 7 atm the a· range is 1 em, and V will be a cylinder of 

· · 1-cm length and radius R. The value of R is not easy to c~culate, .but it is 
Jl. 

probably close. to a mean free path in the gas, which i.s appi·oximately 1000 A 

~~. at '7 atm pressure. Using this v~lue for· R and the definition of K, one obtains 

'· '· . 
\ / .... ... 5.4X 106 .t;. ti >· •.• -1 

= -------- ------ = 0.14atm , 
z( . 

1r R 1 cm)P 
30 

( 7) 
,,. 

which is in excellent agreement with ~he value of K obtained from -·-· 

. curve -fitting Eq. ( 5) to the data. Because the approximations are ro~gh and . 

the value of t;., the recombination coefficient, was extr'apolated from 1/30 atm . 

to ~:::30 atni, ·.one must consider the above calculation to be good only to a 

factor of ~ 10. However~. the excellent ,agre.ementbetween the two values of
1 . II 

. I 

K supports a recombinat~on-time explanation for the pulse -height variation of 

Fig.· 3. 

VII~ SCINTILLATOR PERFORMANCE 

Figure 4 shows the performance of the helium-gas scintillator in 

measuring three1 energies under experimental conditions. The light output was 
. . 

found to be linear with energy loss (see Fig. 5) and to vary only So/o over the 

volume of the counter. The final energy resolution of 38o/o for the 1.9 -MeV 

triton recoil corresponds to an average of 30 e_ffective photoelectrons. If 

one considers the 15o/o quantum effiCiency of the 'phototube, one would expect . 
. . . ' . 

104 photons from 1.9 -MeV depo~ited in.the ga~·~·· .. Thus it appears that the · , 

'· . detection of helium scint;illation:light'i~:·still:~;:~ery.inefficie.nt process) . . 

' ~ <' ;: : ' ' ,~· ' < ·.;: . : ··,<~,.;'~··.::: .\ ~~t;.;;~:;) ?··;i~~; ~~·>.:.:!J: J: :.:.:·~~. ·· .. :· . ;<. . . ' . . ' . 
~::~-~·-~· ·;··, ... ~ , · :f;''~{' ~~Fr ~i:Tr ~~::t '(ir/·~~~1 *t,·~t~} ·\, ~; ·;: t / " • " ... 

"-.· ...... , , •• ~l ·• :._';_ ··~~·~.;.; .. ~ • ~~~:U·,·;tl;j/n~·!v:6 ~~:/:;tl;~,~·{3i~,t.._;~fr: ... :~~ 1)!· ~·1 ',- ;.~ .. ';· ·:·~:· 
;- ... ::'· "··.' .. · r .. iJ.~;;::L~ ~··;:·:~·:·ir.~~~~~.~·.::}.' ::· ·.·.,. ' .. 

· · ~.: -:. ··· -·· ., ~. ;•f:.,:·~.; t: :·::. r \~ ·;1: ;, ~~ :2 ~~ ·r:d·, :~~ 4 r I ~ ~ ~, ~ ,f ;·J • . " 

· · ... ~'·: ··~::~;;ifn~{·.;:.-~::;\r~~··:;~~;~J~)<.::::)~~t~· ;.:,' ~·· ; ,., · 
.,.. · ' , t' • • • · , "' ·r "'~ • I i • · ~. 

. , r: .:·~i: ~~1:(T;}·: k: . : ... t · ··· 
·, ,1· < 
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'Fig. 3. Variation of a 5.4-MeV alpha-scintillation pulse height v's helium-gas., 
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3 · 4 - r , 
pressure. Both He and He follow the same curve, ai_J.d its shape is 

I . 

independent of the wave shifter used. .I ' The solid curve 1s a least-squares . 
,'t 

·'' . . . ' . 
fit of the data p~ints below 2_0 atm to a function of the form kP/( 1 +K~). 

with K = 0.17, and the dotted curve is the function f - exp( -KP) with 

K=0.19, where P isthegaspressure. 

Fig. 4. Calibration energy peaks showing the resolution of the helium 

scintillator._'' The neutrori peak was obtain'ed from the capture of thermal,._.·'·. ·· 
'. 0 ' ~ < ' ' ' ' <, t ' ( 10 '-; •T 0 

neutrons in He3 (i.e·., n+He 3 _..H3.+p),· in which 0.77 MeV is released; 
- ' 3 . 

the triton peak is from: the final data on muon captu-re in He ( i. e. , /. 

1.9:..MeV triton recoils); 
. ' ' 

the•alpha peak. is from an Am241 alpha source 
... , __ 
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