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Simultaneous Measurements of Absolute Numbers
of Electrons and Scintillation Photons Produced by
5.49 MeV Alpha Particles in Rare Gases

K. Saito, S. Sasaki, H. Tawara, T. Sanami, and E. Shibamura

Abstract—The absolute numbers of scintillation photons and wherel; is the average number of ion pairs produced for an av-
e!eCtlft()nS PVO?U@d by 5-?(9 '\qu alp()jha partigletshwere measured erage energy expenditure 8%, N., is the average number of
simultaneously in argon, krypton and xenon in the gas pressure ; ; ;
range from 1.01x10° Pa to 1.01x10% Pa. The ratio of the excited atoms. for.an average energy_expendltulléegfands '.s
number of excited atoms to the number of electron-ion pairs is the average kln_etlc energy of subexmtatlo_n electrons, Wh_lch are
an important quantity for understanding the energy pathway of t00 slow to excite an atom or a molecule in a gas. Equation (2)
the absorbed radiation energy and was found to be 0.52, 0.55, and shows that the energy of the particles is expended in ionization

0.60 in argon, krypton and xenon, respectively. The ratios were and excitation, and is dissipated as heat. Equation (2) is trans-
determined by measuring the number of scintillation photons formed as follows:
originating from the excited atoms and the number of electrons. ’

The value of W5, which is defined as the average energy to produce W= £ B4 <A]:;X> F e 3)

one photon, in the case that all of the electron-ion pairs recombine N
was estimated to be 17.5, 15.4, and 13.0 eV in argon, krypton !

and xenon, respectively. From the relation between the numbers As Platzman pointed out, the ratio &F to the first ioniza-

of electrons escaping from the recombination with ions and the {jgn potential ] is noteworthy because the value 6f/I for
numbers of scintillation photons, it is confirmed experimentally . . . . .
that one scintillation photon is emitted from one recombination fast charged particles is 1.7 in helium, neon, and argon and is

process. This means that an excited molecule caused by three-body2-1 — 2.6 for common molecule gases [B]/1 is written as
collisions is not de-excited without emitting a scintillation photon

in the vacuum ultraviolet region. K = E 4 <N9X> <E9X> + (f) . 4)
Index Terms—Absolute number of scintillation photon, ioniza- 1 1 N I I
tion, radiation detector, rare gas, scintillation yields. Nex/Nj is equal to the ratio of the corresponding average cross-
sections, which is averaged over the degradation spectrum of the
I. INTRODUCTION particle energies in ionization and excitation. Although. /NV;

o _isanimportant parameter for understanding the energy pathway
R ARE gases are used as a fundamental medium in radiatigiyadiation energy, there have been few experimental determi-
detectors because of their resistance to radiation damaggions ofNV,, /N 2], [3].

and their flexible shape and density properties [1]. In addition, The scintillation from the rare gases above atmospheric pres-
rare gases are one of few materials in which both scintillatiqyre originates from the excited atoms and the recombination of
and ionization can be measured simultaneously and many s jon pairs produced by the ionizing radiation. In order to un-
searches have been performed on the processes of ionizationgdidtand the energy balance of the absorbed energy, it is essen-
scintillation in rare gases. tial to obtain the number of scintillation photons caused by each

The efficiency of ionization by charged particles in a gas igrigin. However, few measurements of the absolute number of
generally evaluated a8’, which is defined as the average enscintillation photons have been made because determining the
ergy expended per ion pair. The expression “ion pair” is used d@tection efficiency of photons is difficult as the scintillation

describe electron-ion pair. The valueldf is given by photons from the rare gases lie in the vacuum ultraviolet (VUV)
E region. We measured the absolute number of scintillation pho-
W= N, M) tons originating from both the excited atoms and the recombi-

whereE is the kinetic energy of the charged particle absorb ecisely the collection efficiency of scintillation photons and

in a gas andV; is the average number of ion paurs. I'Dlatzm e conversion efficiency from photons to electrons at the pho-
represented the energy balanceibby the following [2]: tocathode of the vacuum photodiode used to measure the pho-

E = N,E;+ NE.. + Nie (2) tons, and determined the valuest for the rare gases [4],
which is defined as the average energy expended per a scintilla-
tion photon [5]. The value ofV; is given by

:gftion of ion pairs in argon, krypton, and xenon by determining
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One of the purposes of this work is to obtain knowledge corre- [ \
sponding taVe /N; through simultaneous measurements of the 1 L |
number of scintillation photons originating from excited atoms 1‘] d
and the number of ion pairs. In this study, the scintillation pro- [ | }
cesses caused by the excited atoms and the recombination of T PMT
ion pairs were observed separately, and the number of scintilla- (R6836)
tion photons originating from each process and that of the elec- Scintillation[ ’7/M Fo
trons produced in ionization were measured. The measurements photon___ | L crgstal
were performed in argon, krypton and xenon at pressures from locus T N%Collector
1.01x10° Pa to 1.01x10° Pa. 1D _

To purifier 4)$§13uri fier
Il. SCINTILLATION PROCESSES INRARE GASES Source platel ‘ 2N
The scintillation spectra from rare gases above atmospheric Am-241 : Alpha

pressure have been observed [6], [7]. In the previous paper [4], 100mmL’—’J fggfle
we re-measured the spectra in argon, krypton and xenon above

atmospheric pressure using a VUV monochromater with known

overall transmission efficiency in the VUV region. At thesgsig. 1. Cross-sectional view of chamber.

pressures, the spectrum presents a Gaussian-like continuum

distribution, in which the maximum amplitude occurs at 127, m
148, and 175 nm and the width is 11, 13, and 15 nm in FWHM

for argon, krypton, and xenon, respectively [4]. As described Fig. 1 shows a cross-sectional view of an experimental appa-
above, scintillation photons in rare gases above atmosphéd@tus. The original apparatus is described in a previous paper [4].
pressure have two origins, and are considered to be emitfegnodification was made in order to measure scintillation pho-
through the following mechanisms [8]. One is the scintillatiofPns and ionized electrons produced by alpha particles simulta-

. EXPERIMENTAL

originating from excited atoms neously. The geometry of the gridded ionization chamber, which
consists of a source plate as a cathode, a grid and a collector,
R*+R+R—Ry"+R, (6) was introduced to measure the number of electrons. An alpha
Ry* R+ R+ hv(VUV). (7) Particle source’*! Am) was electrochemically deposited on the

top surface of a 2 mm diameter stainless-steel screw, which was
The other is the scintillation originating from ionized atoms fixed to the center of a 140 mm diameter source plate made of
stainless steel. The grid and the collector consist of an array of
R"+R+R—Ro" +R (8) tungsten wires coated with gold. The wire is 0.1 mm in diameter
Rot + e, = R*™ + R (9) andis strung with 1.0 mm spacing on a ring-shaped flange (ID:
o o 120 mm, OD: 184 mm). The grid geometry was introduced to
RT+R+R=R™ +R (10) the collector in order to observe the scintillation that occurred

Ro™ + (R) = R"+ R+ (R) (1) in the grid-to-cathode region through the grid and the collector.
R*+R+R—Ry*+R (12) The distance between the collector and the grid is 5 mm. The
Ry* =R+ R+ hy(VUV). (13) shielding inefficiency of the grid [9] is calculated to be 4%. The

minimum ratio Z,,,;,, of the electric field between the grid and
Here,R is a rare gas atonR* an excited atomR** a highly the collectorE,,. to the electric field between the source plate
excited atomR," an excited moleculd},** a highly excited and the gridE, necessary to prevent electrons from attaching to
molecule,Rt an atomic ion,R,* a molecular ion and;, the grid wires [9] is calculated to be 1.96. Measurements of the
a thermalized electron. The scintillation originating from thaumber of electrons produced by 5.49 MeV alpha particles were
former processes is called “excitation luminescence” and thgrformed withZ = F,./Ey, = 3.0. The distance between the
from the latter is called “recombination luminescence.” I$ource plate and the grid can be varied between 3 and 35 mm.
should be noted that both processes lead to the productiime distortion of the electric field between the source plate and
of a single VUV photon from one excited atom and théhe grid was examined by relaxation method and found to be
recombination of an ion pair. If the excitation luminescendess than 0.1% at 35 mm from the center axis of the electrodes.
occurs through only reactions (6) and (R, can be obtained In order to observe the scintillation photons, a 28-mm diam-
by measuring the number of scintillation photons originatingter PMT (Hamamatsu Photonics, R6836) witgt', window
from the excited atoms. However, it is not easy to distinguisdind a Cs-Te photocathode was used. The R6836 is sensitive to
the origin of the respective scintillations by only measuringhotons in the wavelength region from 115 nm to 300 nm.
the scintillation because a scintillation photon is emitted from The apparatus is connected to a vacuum and gas-filling
R>" in both the excitation luminescence and the recombinatisgstem with a purifier for the continuous purification of rare
luminescence processes [8]. In this study, the excitation lungiases. The details of the vacuum and gas-filling system are
nescence was measured separately by applying an electric faddcribed in the previous paper [4]. The purifier contains
to a rare gas medium so as to prevent the recombination of pproximately 5000 pellets of getters, which are made of
pairs. zirconium, vanadium, and iron. Before filling with rare gases,
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Fig. ‘2. _ Cir_cuit qsed for measuring the numbers of electrons an_d tl 0.00 0.500 1.00 1.50 2.00 250
scintillation intensity. C is the collector, G the grid, and K the cathode in tk ¢
chamber. R1 is a resistor and R2 a variable resistor in the divider circuit. PA Number of Collected Charges (10’ electrons)

the charge sensitive preamplifier, MA the active-filter amplifier, PHD the peak

hold detector and MCA the multichannel analyzer system. Fig. 3. Pulse height distribution obtained with a gridded ionization chamber

in argon at 9.1 10° Pa with Z = 3.

the systems were evacuated to less tharnk1(®° Pa and the

getters were activated. After evacuation, the systems were fille 1.20 T T T T T T T
with research-grade rare gases having a purity of 99.9995%. Seinillation

The measurements were carried out in the pressure ran 100 F i
from 1.01x10° Pa to 1.01x10° Pa at room temperature
(23°C) to investigate the pressure dependence of the scil
tillation and ionization yields. The accuracy in the pressure %3 [ 1
measurements is 0.5%. In order to introduce high-pressure ra 5
gases, the PMT region was separated with a thick window of é’ 0.600 - -
MgF, crystal, as shown in Fig. 1. The PMT region above the g
window was filled with the same rare gas for measurements: 1 E. =390 Viem i
a pressure of 1.04£10° Pa. ke

Fig. 2 shows the electronic system, which consists of circuit
for measuring scintillation and ionization. The signal pulses 0200 | ]
from the anode of the PMT were fed to a charge-sensitiv
preamplifier (Clear Pulse, CP1715), amplified by an ac: 0.00 L L

tive-filter amplifier (Clear Pulse, CP403) with a shaping time 000 100 200 300 400 500 600 700 800
constant of 5Qus and stored in a multichannel analyzer systernr
via a peak hold detector (Clear Pulse, CP4060). In the measure-
ment of the number of electrons produced by alpha particle§. 4. Pulse height distribution obtained from the PMT in argon at
with the gridded ionization chamber, a negative potential w8g-2x10° Pa with Z = 3. The signals less than approximately 50 ch are due
applied to the source plate and the grid through a divider circuft."*'*®:
The output signals from the collector of the gridded ionization
chamber were fed to a low-noise charge-sensitive preamplifl@ep the collection efficiency of photons at the photocathode of
(Clear Pulse, CP580H), amplified by an active-filter amplifiethe PMT constant. Typical pulse height distributions obtained
with a shaping time constant of 28 (Clear Pulse, CP403) andusing the gridded ionization chamber and the PMT in argon at
analyzed using a multichannel analyzer system through a p@k2x10° Pa are shown in Figs. 3 and 4, respectively. The hor-
hold detector (Clear Pulse, CP4060). The low-noise charge-sewmntal axis in Fig. 3 shows the number of electrons gathered
sitive preamplifier is equipped with a charge calibration systeat the collectorN,, and that in Fig. 4 corresponds to the rel-
consisting of a charge terminator and a high-precision pulsative scintillation intensity. The relative scintillation intensity
The system was calibrated with an alpha particle of knowly(—) was obtained by applying negative potentials to the ion-
energy using a Si detector and another gridded ionizatiamation chamber during simultaneous measuremen¥ ofN,
chamber. The pulse height of an alpha particle signal cand/,(—) in argon at 1.5X 10° Pa are plotted as a function of
be converted into the number of electrons with this syster;, in Fig. 5. Contrary to an expectation tha{—) would be
achieving an accuracy of better than 0.5% [10]. constant in the presence of an electric fidld,- ) increases with
The distance between the source plate and the grid was fixedreasingEy,, as shown in Fig. 5. This is because the scintil-
during a series of the measurements at each pressure in ordéation photons originating from the atoms excited by electrons

Pulse Height (ch)
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applying a negative potential was applied to the ionization chambef &rd) Time (us)

is that for a positive potential was applied.

Fig. 6. Time profile of the scintillation intensity/.(—) in xenon at

o . : 1.01x 109 Pa for E,. = 0 andE,. = 4700 V/cm with Z = 3.
accelerated by the electric field are emitted. This photon pro- * y ¢ 100V /em

duction is called “proportional scintillation.” On the other hand,

N. becomes constant with increasifly,, as shown in Fig. 5,

which shows that extra ionization by accelerated electrons dose _. 2% ' ' T
not occur and that only the electrons produced by alpha par-
ticles are collected fully at the collector (namely, in this
case equald';). Proportional scintillation was also observed in
krypton and xenon. The time profile of the scintillation signal at
Eg. = 4700V /cm in xenon at 1.0k 108 Pa is shown in Fig. 6,
where the profile at,. = 0 V/cm is also shown. The signals

at Ous in both cases of/,. = 0 V/cm andFEy. = 4700 V /cm
correspond to the scintillation produced directly by alpha par-
ticles (primary scintillation) and the signal at around [<at

E,. = 4700 V/cm is due to proportional scintillation. In these
measurements, the distance between the source plate and tt
grid was set to 11 mm. The drift velocities of the electrons in
xenon at 1.0k 106 Pa with E,. = 4700 V /cm (Ey is equal 0.00 s s s
to 1530 V/cm) are approximately 1:010° cm /s between the 0.00 0.100 0.200 0.300 0.400
source plate and the grid and X%0° cm/s [11] between the Fig/ IV (T)

grid and the collector. The drift times of the electrons from the

source plate to the grid and to the collector are calculated to Eb% 7). Numbers of scintillation (photlor)1s (black) and c(ollecte;d) elec(tjrons
. . . white) in argon at 2.0%10° Pa (circle), 6.08x10> Pa (triangle), an
approximately 13us and 14us, respectively. Judging from the 741 7 s pa (square) withZ = 3. The unit of E,, /N is denoted by “Td,”

drift times, the proportional scintillation is supposed to ocCu¥herel Td = 10-17 Vem?.
in the region between the grid and the collector. As shown in
Fig. 6, the slow decay component in the scintillation signal is
observed af? = 0 V/cm but disappears under the existenc
of electric fields. This indicates that the slow decay components
in the scintillation in high-pressure rare gases originates from .
the recombination of ion pairs. In order to prevent both recom- Ny (Brg) = I(+, Fig) 5.49 x 10 (14)
bination luminescence and proportional scintillation, the scin- I(+,0) Ws

tillation intensity/;(+) was measured by applying positive po-

tentials, of which the absolute values were the same as thosevbere I;(+, Fy,) is I(+) obtained atF\,. Here, W is the

the negative potentials used to measiite to the source plate absolute scintillation yield measured without electric fields and
and the grid. In this case, though ions move toward the grid aisdtaken from the results in the previous measurements at each
the collector, they do not obtain sufficient energy to excite rapgessure [4]IV, andN. in argon, krypton and xenon are plotted
gas atoms/,(+) is also plotted as a function dfy, in Fig. 5. as a function offy, /N in Figs. 7-9, respectively, wher¥ is
I(+) does not increase with increasifi, . the number density of rare gas.

Argon

1.00 B B

Photons and Collected Electrons (10” photons or electrons)
o
S
S
T
|
’
1

In the present study, the number of scintillation photons at
N, (Exg) is determined from the following:
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(white) in krypton at 2.0%10° Pa (circle), 6.08x10° Pa (triangle), and
1.01x10° Pa (square) withZ = 3. Fig. 10. Numbers of electrons produced by 5.49 MeV alpha particle in argon
(circle), krypton (triangle), and xenon (square) as a function of the gas pressure.

are obtained summing the errors described above and are less

= 4.00 : : : : : TABLE |

g Xenon W FOR5.49 MEV ALPHA PARTICLES IN RARE GASES

&

5 W (eV)

2 3.00 ‘.\ ] Rare gas Present value Summarized in
:fjh 1.52x105 Pa 1.01x108 Pa  ICRU Report 31
=) Argon 26.4+0.5 26.7£0.5 26.4

g

=] -

g Krypton ~ 24.0+0.5 23.8+0.5 24.1

=)

he=4

§ Xenon 20.9+0.4 21.0+0.4 21.9

=

3

E]

S

=

0.00 . ) ) ) . than 2%.
0.00 0.1000  0.200 0.300 0.400 0.500 0.600 FlgS 11-13 represent the average number of scin-
Eye! N (Td) tillation photons produced by 5.49 MeV alpha parti-
cles at i, = 0 V/em (Np(Ey, = 0)) and that at
Fig. 9. Numbers of scintillation photons (black) and collected electronEy, = Exg_sat(Np(Exg = Fig—_sat)), Where the recom-

(white) in xenon at 2.0%10° Pa (circle), 6.08x10° Pa (triangle), and - pination of ion pairs is prevented completely, measured as a
1.01x10° Pa (square) withZz = 3. . .
function of the gas pressure in argon, krypton and xenon, re-

spectively. In the determinations of the number of scintillation
photons, the uncertainties fo¥, in argon, krypton and xenon
are 4%-5%, 3%—7% and 3%-5%, respectively, as described in

The numbers of electrons collected fully at the collector of thte previous report [4]. The uncertainty in the determinations
ionization chamber in argon, krypton and xenon are plotted @fi the gas pressure is evaluated to be less than 1%, and the
Fig. 10 as a function of gas pressure. In the pressure range fremors related to this uncertainty fo¥; is within 0.2%. The
1.01x10° Pa to 1.01x10° Pa the numbers are independent ofincertainties in the determination of the peak position from
pressure. The values &F determined in the present study ar¢he pulse height distribution are estimated be within 1% in the
given in Table |, where the values summarized by ICRU [12heasurements df(+, Ex,). Total errors in the present deter-
are also shown. The present valuesiBfare in good agree- minations of the numbers of scintillation photons are evaluated
ment with those summarized by ICRU. The uncertainty in trimming the errors described above. As shown in Figs. 11-13,
determinations of the peak position from the pulse height di8f,(Ew, = Eig-sat) almost equals taV,(Ey, = 0) in the
tributions is estimated to be within 1% in the measurements jafessure range from32110° Pa to 2x10° Pa, where there is
N.. The accuracy for the shielding inefficiency is 10% and thigtle contribution to scintillation yield from the recombination
errors caused by the shielding inefficiency are evaluated to loeninescence. Scintillation photons obtaine®gf = Eig—sat
within 0.1%. The uncertainty in the charge measurements usig emitted only from excited molecul®s* originating from
the charge calibration system is 0.5%. The uncertaintied’for the excited atoms. The excited moleciite* is formed by a

IV. RESULTS AND DISCUSSION
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TABLE 1l
2.50 ' ' Fm0 ., Ni, No(Evy = Fig—sat) AND Noy/N; IN RARE GASES FOR
. ‘ 7 5.49 MeV ALPHA PARTICLES
Krypton Py
- ( )
7 2.00 g 8 N(E =
E /"/ Rare gas N, b= Bgsar N,J/N.
E o N, =N =Ny
—a e p-rec BreC
R y i Argon 2.07 x 10° 1.07 x 105 0.52
Z <
E "f”‘.v eoeaeo e te Y Krypton 2.31x105  1.26x 105 0.55
o 'y
é 1.00 F ‘:kg_ Ekgsat 4
£ Xenon 2.63 x 105 1.59 x 10° 0.60
=
8|
w
0.500 | Aq:(Ekg=Ekg-sat)=ALx i L.
The value of¥; becomes a minimumiXs .i;») when all of
! the ion pairs recombine and result in scintillation. The value of
0.00 1 1 1 1 1 . )
000 200 400 600 800 100 120 W min Can be obtained fronV,, andN; as follows:
Rare Gas Pressure (105 Pa) E
Ws,min = T AN (15)
. L. . . (Nex + Nl)
Fig. 12. Number of scintillation photons withl,, = 0 andEy, = Ey,_sat
in krypton. The value ofW; i, is calculated to be 17.5 eV, 15.4 eV and

13.0 eV in argon, krypton and xenon, respectively. The value of

Ws.min in Xenon is smaller than the value Bf, measured in
three-body collision as shown by reaction (6), and hence tfi’&uid xenon (6.3 £ 0.3 eV) [5], where the effect of quenching
rate depends on the gas pressure. However, above atmospl?ﬁgg cause the larger value. The valueVf ;. in xenon is
pressure/Ny,(Exg = Eig-sat) is independent of the gas prescjose toTv, in liquid xenon (13.8 eV), which was evaluated
sure, and is constant, as shown in Figs. 11-13. This suggestsgg%hmmg no effect of quenching [13].
every excited atom contributes to the generation of an excitede(Ekg = 0) increases with increasing gas pressure, which
moleculeR,™ in reaction (6). Then, from reactions (6) and (7);s due to an increase in the number of recombining ion pairs. If
the average number of excited atoms, produced by alpha the number of electrons recombining with iaNs_.. is equal
particles is given byV, (Ex; = FEiz—sat) above atmospheric 1 the number of scintillation photons originating from the re-
pressure. A further discussion will be made later. The averag§mpination proces&, .., the number of escaping electrons

values ofN; and N, (Exg = Eig-sat) Obtained at each pres-; - which do not recombine with ions, is given by
sure are shown in Table II. The values/gf, /N; are calculated

from N, (Fyxy; = Fig—sat)/N;i and to be 0.52, 0.55, and 0.60
in argon, krypton and xenon, respectively. Platzman calculated
the values ofV./N; in helium, neon and argon to be 0.4 [2].
Kubota obtained experimentally the value/df, /V; to be 0.48 A proof thatN._,.. iS equal tolV,_... will be given later. The
[3] in helium by using the Penning effect. ratio of N, _.s. t0 IV is plotted as a function of the gas pressure

Nefesc = Ni - Nefrec = Ni - prrec
Np—rcc = Np(Ekg = 0) - Np(Ekg = Ekg—sat)-

(16)
17)
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collected electrondV, in argon at 1.0 106 Pa.

in Fig. 14, where it can be seen th}_.../N; decreases with

TABLE Il

FITTING PARAMETERS OF A STRAIGHT LINE AND THE SUMS OF

Nex = J\’vp(Ekg = Ekgfsat) AND NN;

increasing gas pressure. After an energetic electron slows down

to thermal energy by collisions with rare gas atoms, the ther-

malized electron recombines with an ion. The average distanct Rare gas a b N, + N,
between an ion and an electron is smaller at higher pressure:

When the coulomb potential between the electron and the ior i (3.13+£0.04) 5
is less than the kinetic energy of a thermalized electron, the es Argon 096 +0.02 x 10° 3.15x 10
caping probability of an electron from the influence of an ion (3.47 £ 0.05)

increases. Krypton -0.93 £0.02 '4>< 105 3.57 x 105

The numbers of scintillation photon§, are plotted as a func-
tion of the number of collected electrong in argon, krypton (4.35 + 0.02)
and xenon at 1.0% 106 Pa in Figs. 15-17, respectively. These Xenon  -1.04£0.01 4.23 x10°

measurements were performed at sufficiently higher values of
Z (5.0, 5.0 and 3.0 in argon, krypton, and xenon, respectively)

thanZ.;, in order to prevent electrons from being captured byhe straight line was obtained by least-squares fitting to data
the grid due to the diffusion of electrons, even in a sntall. other thanV. = 0. The parameters of the line are summarized
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in Table Ill, wherea is the slope and is the intercept of the 1.01x10° Pa. The value ofN,,/N; is obtained to be 0.52,
line. The values ofi in argon, krypton and xenon take a valu@®.55, and 0.60 in argon, krypton, and xenon, respectively.
close to—1. The values ob indicate the number of scintilla-
tion photons in the case that all ion pairs recombine. The sum of
Nex = Np(Fig = Eig—sat) andN; from Table Il is also given
in Table Ill, and itis in good agreement within argon, krypton  The authors would like to thank Prof. K. Kondo and Prof. T.
and xenon. Shibata for their useful discussion, comments, and encourage-
The number of scintillation photons is complementary to th@ent throughout this work. Thanks are also due to the staff of
number of electrons gathered at the collector. These results g@miation Science Center at KEK for their support in this study.
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vide a proof that one photon is necessarily emitted from one
recombination process (namely, ;.. is equal toV, ;ec). It

is also confirmed that one excited molecililg® results from

one ion pair, and," caused by the recombination cannot be [
de-excited without emitting VUV photons. The luminescence
spectrum in atmospheric pressures, where the luminescence ¢l
almost due to the excitation luminescence, does not differ from
that in high pressure [4], [14] where the recombination lumi- [3]
nescence also exists. This means that the molecular state of
Rp™ for photon emission is the same in each process. It cang
be also confirmed thaR,* originating from an excited atom
is also not de-excited without emitting one VUV photon. From [5]
the results mentioned above, and th}(Fx; = Fig_sat) IS
constant and independent of the gas pressure, one may con-
clude that the number of excited atom&, is equal to the (6]
number of scintillation photons originating from excited atoms (7]
Ny (Eyg = Fyg—sat) above atmospheric pressure.

V. CONCLUSION 18]

We performed simultaneous measurements of the numbers
of electrons and the numbers of absolute scintillation pho-
tons produced by 5.49 MeV alpha particles in argon, krypton[®]
and xenon. The numbers of scintillation photons originatinqu]
from excited atoms and from recombination of ion pairs were
measured separately. It became clear in this study that o 1e1]
recombination process generates one VUV scintillation photo
and that one excited atoms leads to one VUV photon. It may12]
be concluded that the excited molecular stalle$ caused
by recombination and excitation of atom are not de—excite(ﬁm]
without emitting a single VUV photon. Namelyy., can be
determined by measuring the number of scintillation photon?M]
originating from excited atoms. BotV., and N; are inde-
pendent of the pressure in the range from xQ0° Pa to

REFERENCES

J. B. Birks, The Theory and Practice of Scintillation CountingNew
York: Pergamon, 1964, p. 600.

R. L. Platzman, “Total ionization in gases by high energy particles:
An appraisal of our understandingsit. J. Rad. Isotopesvol. 10, pp.
116-127, 1961.

S. Kubota, “Non-metastable penning effect in the alpha-particle ioniza-
tion of inert gas mixtures,J. Phys. Soc. Jpnvol. 29, pp. 1017-1029,
Oct. 1970.

K. Saito, H. Tawara, T. Sanami, E. Shibamura, and S. Sasaki, “Absolute
number of scintillation photons emitted by alpha patrticles in rare gases,”
IEEE Trans. Nucl. Scivol. 49, pp. 1674-1680, Aug. 2002.

M. Miyajima, S. Sasaki, and E. Shibamura, “Absolute number of pho-
tons produced by alpha-particles in liquid and gaseous xendugl.
Instrum. Methodsvol. B63, pp. 297-308, Feb. 1992.

N. Thonnard and G. S. Hurst, “Time-dependent study of vacuum-ultravi-
olet emission in argonPhys. Reyvol. A5, pp. 1110-1121, Mar. 1972.

P. K. Leichner, K. F. Palmer, J. D. Cook, and M. Thirneman, “Two- and
three-body collision coefficients fafe(*P, ) andXe(®P,) atoms and
radiative lifetime of theXe,(1,) molecule,”Phys. Rey.vol. A13, pp.
1787-1792, May 1976.

M. Suzuki, J. Ruan(Gen), and S. Kubota, “Time dependence of the
recombination luminescence from high-pressure argon, krypton and
xenon excited by alpha particlesNucl. Instrum. Methodsvol. 192,

pp. 565-574, 1982.

O. Bunemann, T. E. Cranshaw, and J. A. Harvey, “Design of grid ion-
ization chambers,Can. J. Resvol. A27, pp. 191-206, 1949.

M. Miyajima, S. Sasaki, and E. Shibamura, “Number of photoelectrons
from a photomultiplier cathode coupled with a Nal(Tl) scintillator,”
Nucl. Instrum. Methodsvol. 224, pp. 331-334, 1984.

L. G. ChristophorouAtomic and Molecular Radiation PhysicsNew
York: Wiley, 1971.

“ICRU Report 31 Average Energy Required to Produced an lon Pair,”
ICRU Inc., Bethesda, MD, 1979.

T. Doke, A. Hitachi, J. Kikuchi, K. Masuda, H. Okada, and E.
Shibamura, “Absolute scintillation yields in liquid argon and xenon
for various particles,”Jpn. J. Appl. Phys.vol. 41, pp. 1538-1545,
Mar. 2002.

K. Saito, “Absolute Scintillation Yields and their Pressure Dependence
in Rare Gases,” Doctoral, Graduated Univ. Advanced Studies, Kana-
gawa, Japan, 2002.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


