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The W value, or the average energy required to produce an electron-ion pair, was measured in liquid
krypton with a pulsed ionization chamber and 2’Bi 976-keV internal-conversion electrons. From the
charge collected at the highest electric field of 16 kV/cm, the W value was determined to be 18.4+0.3
eV. Extrapolation of the charge to infinite field strength yields a smaller W value, reduced by an amount
which depends on the recombination model used to fit the data. The 8-electron model gives the lowest
value of 16.8 eV. An estimation of the W value in liquid krypton, using Platzman’s energy-balance equa-
tion, is in good agreement with the experimental result, but is not precise enough to rule out model-

dependent lower values.

PACS number(s): 34.50.Bw, 29.40.Cs, 29.40.Vj

I. INTRODUCTION

The W value, or the average energy required to pro-
duce an electron-ion pair, in liquid rare gases is a mea-
sure of the ionization efficiency of these materials in prac-
tical radiation detectors. The W values in liquid argon
and xenon have been measured by several investigators in
the last two decades, both by measuring the steady con-
duction current produced by irradiation of the liquids by
X rays or electrons, and by measuring the electron pulses
in the liquids using internal-conversion electron sources.
The determination of the W value in liquid argon and
liquid xenon with a pulsed ionization chamber, was made
for the first time by Takahashi et al. [1] and Miyajima
et al. [2], respectively. From the charge collected at the
highest applied electric field (22 kV/cm for liquid argon
and 17.3 kV/cm for liquid xenon), these investigators re-
ported a W value of 23.6133 eV in liquid argon and
15.6+0.3 eV in liquid xenon. By the same method,
smaller W values in liquid xenon have been subsequently
reported by other investigators. [3,4].

In comparison, there have been far fewer experiments
in liquid krypton, and the only two measurements of the
W value available to date are not in good agreement. The
W value obtained by Huang and Freeman [5] is 16.7 eV,
while Takahashi et al. [6] reported 20.5+1.5 eV, as an
average between the value from the measurement at the
highest applied field and the value extrapolated to infinite
field. Both W-value results were obtained by measuring
the steady conduction current produced by irradiation of
the liquid with x rays or electrons from a S source. It is
well known that unlike in the “electron-pulse” mode, the
operation of an ionization chamber in the ‘steady-
current” mode suffers from the problem of accurately
determining the total energy absorbed in the liquid,
which translates into a large uncertainty on the W value.
A more precise determination of the W value in liquid
krypton is, therefore, highly desirable.

In this paper we report the results of a measurement of
the W value in liquid krypton obtained with a gridded
ionization chamber operated in the “electron pulse”
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mode, using 2°’Bi internal-conversion electrons. Both the
experimental W value, as obtained from the charge col-
lected at the highest applied field of 16 kV/cm, as well as
the extrapolated W value derived from the charge expect-
ed at infinite field using different recombination models,
are presented. The results are then compared to an es-
timation of the W value based on Platzman’s energy-
balance equation adapted to liquids. For the estimation,
the results of recent measurements of reflectivity spectra
and photoconductivity in fluid krypton were taken into
account. These measurements give direct evidence of the
band structure in liquid krypton, as well as the band-gap
energy.

II. EXPERIMENTAL PROCEDURE

The gridded ionization chamber used for the W-value
measurement was similar to the one we used in previous
studies of the charge and energy-resolution response of
liquid krypton to electrons, ¥ rays and a particles [7].
Modifications were made to optimize the high-voltage
feedthroughs and electrode structure so that high electric
fields could be applied. The collection and drift gaps
were 2.4 and 2.7 mm, respectively. The 2°’Bi source, used
to irradiate the liquid, was chemically deposited on the
center of the cathode plate. The electrodes were
stainless-steel disks of diameter 2.5 cm. The effective
area of the anode was decreased from the one used earlier
[7], to reduce both the background from 3°Kr and the
contribution of ¥ rays to the 2’Bi spectrum. The grid
was an electroformed mesh made out of nickel and had a
shielding efficiency of 99%. A ratio of 2 between the col-
lection and drift field was used to provide 100% electron
transmission. The total volume of the ionization
chamber was approximately 0.3 1.

Before filling the ionization chamber, research-grade
krypton gas was purified by passing it sequentially
through an Oxisorb cartridge [8], a cold molecular-sieve
trap [9], and two high-temperature getters [10]. The
purification system was similar to the one used for xenon
and is discussed in detail elsewhere [11]. The chamber
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and the gas-filling lines were baked out at about 100 °C in
a vacuum better than 1077 torr for at least 48 h before
each experiment. A higher temperature, typically
300 °C, was used for the regeneration of the molecular
sieves. The typical outgassing rate was better than 1077
torr 1 s~ !. The purified krypton gas was condensed in the
test chamber by using a cryogenic bath of liquid nitrogen
and isopentane. The temperature of the cooling bath was
121 K, close to the triple point of krypton. At this tem-
perature the vapor pressure of krypton is less than 2 atm.

Figure 1 shows a block diagram of the chamber and
the associated electronics. Negative high voltage (HV)
was independently supplied to the cathode and grid of the
ionization chamber. The 2°’Bi ionization pulses from the
anode were analyzed with a charge-sensitive preamplifier,
followed by a spectroscopy amplifier (MA) for further
amplification and shaping. The pulse height of the out-
put signal was analyzed with a multichannel analyzer
(MCA). For charge calibration a test pulse from a pre-
cision pulse generator was injected into the preamplifier
input stage through a test capacitor.

The W value in liquid krypton is defined as
Wik:=E, /N, where E, is the known energy of the pri-
mary ionizing particle (976 keV in our case) and N is the
total number of electron-ion pairs produced. Since the
total charge is given by Ne =CVy,, where e is the charge
of the electron, V. is the saturated pulse height mea-
sured for the 976-keV line, and C is the total capacitance
in the amplifying network, Vg, can be expressed as

_ _eEp AG
Wike CintCx,+C+(1+4)Cp

Ve (2.1)

where A is the open loop gain of the preamplifier, G is
the gain of the main amplifier, C;, is the input capaci-
tance of the preamplifier, Cy, is the capacitance of the
liquid-krypton detector, C/ is the capacitance of the feed-
back network, and C; is the stray capacitance. Similarly,
for a test pulse of amplitude V,, injected into the

preamplifier input stage through C,, , the measured pulse
height V,; may be expressed as
AG

V,,=C, ) 2.2
i "‘V’cin+cKr+CS+(1+A)cf @.2)
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FIG. 1. Block diagram of the experimental setup used to
measure W value in liquid krypton.

Taking the ratio of (2.1) and (2.2) the W value in liquid
krypton can be determined from the relation

(2.3)

Since the error on the measured pulse heights can be
made negligibly small, the precision on Wk, is mostly
limited by the systematic error on the value of C,.

To measure C;, precisely, the 2’Bi pulse height spec-
trum was measured both with the liquid-krypton ioniza-
tion chamber and with a silicon detector [12], using the
same signal-readout electronics at the same temperature
conditions, as shown in Fig. 1. The silicon detector used
for this calibration was operated at room temperature.
Following the same steps used to arrive at (2.3), the W
value in silicon Wg; may be expressed as

V.
= Ep £2 1 i
Vsi CinVy

Wy (2.4)
where Vg and V,, are the measured pulse heights for the
976-keV electrons and test pulse, respectively. Using the
above equation, C;; can, therefore, be determined with
the same precision as the known W value in silicon
(Ws;=3.6510.05 eV [13]), if the error on the other mea-
sured quantities is negligible in comparison. An indepen-
dent measurement of this capacitor with a precise capaci-
tance meter [14] gave a consistent result within 1% of the
value obtained with the silicon detector.

III. EXPERIMENTAL RESULTS

The principal radiation from 2°’Bi consists of internal
conversion electrons of energy 482, 554, 976, and 1048
keV, and y rays of energy 570, 1064, and 1770 keV. The
intensity of the 1064-keV y-ray line is about an order of
magnitude larger than the 976-keV electron line. Howev-
er, due to the shallow depth of the liquid-krypton
chamber used in our measurements, the y-ray detection
efficiency is rather poor, and the electron peaks are ex-
pected to dominate the pulse height spectrum.

Figure 2 shows a typical 2°’Bi pulse-height spectrum
measured in liquid krypton. The rightmost peak is the
test-pulse distribution, which corresponds to a noise level
of 700 electrons full width at half maximum (FWHM).
The 976-keV K conversion electron line is the dominant
feature of the spectrum. It becomes clearly distinguish-
able from the higher-energy peak produced by 1048-keV
L conversion electrons and 1064-keV y rays at fields
higher than 3 kV/cm. The low-energy electron and y-
ray lines are visible, even at high fields, only as a small
enhancement, as shown in the inset of Fig. 2. This is due
to the background from %Kr. Krypton, in fact, contains
small amounts of the radioactive isotope ¥Kr that has a
half-life of 11 years. It decays by B decay with an end-
point energy of 670 keV and releases an average energy of
250 keV. We observed a background rate of approxi-
mately 500 counts s ! cm 3.

The *°’Bi pulse height spectrum in liquid krypton was
measured as a function of electric-field strength, in the
range 0.1-16 kV/cm. The peak location and the width
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FIG. 2. Energy spectrum of 2’Bi in liquid
krypton showing the 976-keV line and the
combined 1048 and 1064-keV lines. The inset
shows the low-energy lines in the range
554-570 keV.
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of the measured lines were determined, for each field set-
ting, by a least-squares fit with Gaussian functions over a
constant background. The best, noise subtracted, energy
resolution in liquid krypton is 3.1% FWHM at 1 MeV
[7], compared to 4.5% [15] and 2.8% [16] FWHM in
liquid xenon and argon, respectively, at similar field
strength. The measured pulse height was converted into
number of electrons using the absolute charge calibration
obtained with the silicon detector. Figure 3 shows the
field dependence of the collected charge for the 976-keV
line and the combined 1048 and 1064-keV lines. Experi-
ments were repeated many times and gave reproducible
results. In the high-field range from 12 to 16 kV/cm the
collected charge was found to remain constant to within
0.5%, indicating apparent saturation.
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FIG. 3. Collected charge for the 976-keV line (A) and the

combined 1048 and 1064-keV lines ((0). The solid line is a fit
with Eq. (3.1).

For the determination of the W value in liquid krypton
we used the data for the 976-keV internal conversion
electrons, since the energy of this line is well defined. A
shift in energy due to finite source thickness, grid-
shielding inefficiency or variation in pulse rise time was
estimated to be negligible. Assuming that the charge
measured at 16 kV/cm is saturated, (2.3) yields
Wik, =18.41t0.3 eV.

According to recombination models, however, satura-
tion can only be achieved at infinite electric field strength.
To describe the observed field dependence of the collected
charge in liquid rare gases, the following equation result-
ing from the theory of Jaffe [17], in the high field approxi-
mation, has been conventionally used: Q(E)=Q,/
(1+k /E), where Qo =eEp /Wi, is the charge at infinite
field and k is the parameter which expresses the recom-
bination rate, assumed constant along the column of uni-
form charge density produced by the primary ionizing
particle of energy Ep. As we have previously reported
[15], this equation does not fit well the experimental re-
sults in liquid argon or xenon, underestimating the
charge collected at high fields. When used to fit the
liquid-krypton data of Fig. 3, this equation yields an ex-
trapolated W value of 17.8 eV. The results of the fit are
shown in Table I (fit 4).

To take into account the different rate of recombina-
tion in the high-charge-density regions of low-energy
secondary electrons or 6 electrons as well as near the end
of the primary ionizing track, the following modified Jaffe
equation [18] has been suggested and successfully used to
interpret the ionization data in liquid argon [16,19] and
in liquid xenon [15]:

(Q()—Qza)+ Os

QEV= %k /E " 1tky/E -

(3.1)

Here Qj is the fraction of the total charge produced by &
electrons and kg is the stronger rate of recombination
along these & tracks. The above equation was used to fit,
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TABLE I. Parameters for fits.

Fit 4

Fit B

Fit C

Q0(976)=8.77+0.02 fC
Q0(1064)=9.38+0.03 fC
k=0.55%£0.02 kV/cm

0,(976)=9.14+0.18 fC
05(976)=0.88£0.29 fC
k=0.34+0.08 kV/cm
ks=18.00+12.27 kV/cm
0,(1064)=9.88+0.22 fC

0,=9.32+0.15 fC
a=0.12140.022

&E =60.14+3.75 kV/cm

£,E=0.696+0.001 kV/cm
b=0.544+0.02

Q5(1064)=1.121+0.29 fC

W=17.8 eV

W=17.1 eV

W=16.8 eV

simultaneously, the liquid-krypton data for the 976-keV
and the combined 1048- and 1064-keV energies, shown as
solid lines in Fig. 3. From the charge at infinite field ob-
tained from the fit of the 976-keV line the extrapolated W
value obtained is 17.1 eV. The results of the fit are shown
in Table I (fit B). Since kg is much larger than k, the
contribution of 8 electrons to the total charge has a very
slow dependence on the applied field. Hence, based on
this model, the observation of a constant charge output at
high fields, to within 0.5%, cannot be indicative of com-
plete saturation.

The same argument that the production of & electrons
affect the recombination rate along the primary particle
track, and hence the energy resolution, Thomas et al.
[20] suggested an alternative equation for the field depen-
dence of the collected charge Q and energy resolution,
E gwym, namely,

0=0, [: 21 F &) _,y0*E) | (3.22)
&o 3
Erwam(s) = 2333 aln(1+§1) _ Il T4 ]& ,
" VEp 3 £o Qo
(3.2b)

where £, describes the charge density of the minimum
ionizing region of the particle track and &, describes the
more heavily ionizing regions of the § electrons. The pa-
rameters a and b are functions of Ep, and the §-electron
minimum and maximum energies. The above equations
were used to fit our charge and energy-resolution data
simultaneously. The W value from the charge extrapolat-
ed to infinite field is 16.8 eV. The results of the fit are
shown in Table I (fit C). It should be noted that this
double-density model contains in first approximation the
simpler Eq. (3.1), and since it is also derived from Jaffe’s
theory, it has the same basic limitations.

IV. DISCUSSION

The ratio of the W value to the ionization potential I,
in the gas phase has been expressed by Platzman [21] as
the sum of the energies required to produce electron-ion
pairs, excited atoms and the kinetic energy of subexcita-
tion electrons. The existence of a band structure in liquid
rare gases is by now well confirmed experimentally and
direct measurements of the band-gap energy have become
available. For example, recent photoconductivity mea-

surements have given a band-gap value of E, =11.55 eV

for liquid krypton [22] and E,=9.22 eV for liquid xenon
[23]. It is therefore reasonable to rewrite the Platzman
energy balance equation for the liquid state as follows,
with the band-gap energy replacing the ionization poten-
tial of the gas:

W /E,=(Eo/E.)(Ne/N)+E;/E,+e/E, . (4.1)

Here N, is the number of ions produced at an average ex-
penditure of energy E;, N, is the number of excited
atoms produced at an average expenditure of energy E.,,
and ¢ is the average kinetic energy of subexcitation elec-
trons.

In earlier estimations of the W value in liquid rare
gases using (4.1) [1,2], E,, and N,, /N, were obtained us-
ing the absorption spectra of solid rare gases [24]. Since
the reflectivity spectra of fluid argon, krypton, and xenon
have been measured since [25,26], we have used these
data to estimate E, and the ratio N, /N,. The
reflectivity spectrum of liquid krypton measured by La-
porte et al. [25] is found to be as rich in excitonic struc-
ture as that in the solid state. Using this data, we es-
timated E,, and the ratio N,, /N, to be 10.15 eV and
0.26, respectively. The value of N, /N; obtained by this
method is, however, overestimated, since the reflectivity
measurement is not sensitive to associative ionization in
the liquid, which takes place after the primary excitation.
It is known, in fact, that an excited krypton atom can fur-
ther collide with a neutral atom to give rise to more
electron-ion pairs,

Kr*+Kr—Kr) +e~

We believe that this channel of ionization is important in
liquid rare gases.

A more direct estimate of the ratio N, /N; in liquid
krypton can be made from ionization and scintillation
data using the relation

Nex _Lex Ni*
N, L N,

i i

(4.2)

r

Here L., and L, are the intensities of excitation and
recombination luminescence, respectively, and N* is the
number of electrons escaping geminate or initial recom-
binations. The ratio N* /N; is equal to G%; /G,.,, where
G is the free-ion yield at zero electric field and G, is
the total ion yield, per 100 eV of absorbed energy. A fit
to our data with the Onsager model [27], using the com-
puter program of Dodelet et al. [28], yielded G%;=3.4,
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G, =5.6 and b=164 nm, where b is the most probable
separation distance between the thermalized electron and
ion pair. Using these values and a ratio of L., /L,=0.49
from Kubota et al. [29], we get N, /N;=0.19.

For the estimation of the remaining quantities, € and
E;, in (4.1), the ionization properties of the gas state were
used, based on the fact that the estimated ratio W,/E,
for rare-gas liquids is closer to the ratio W/I,=1.7 for
gases than it is to that observed, for example, in solid-
state detectors like semiconductors. The reason for this
similarity is probably in the fact that the bonding in
liquid rare gases are van der Waals and not covalent like
in semiconductors. For gases, E; /1, is equal to 1.06. As-
suming that this ratio is independent of the state of the
material and replacing the ionization potential in the gas
by the band-gap energy in the liquid, we obtain
E = 1.06E, for liquid krypton. In comparison,
Takahashi et al. [1] estimated E;=1.11E,, from the
band structure given by Rossler [30], assuming the width
of the valence band is negligibly small.

The average energy of the subexcitation electrons ¢ is
mostly affected by the lowest excited state, which in
liquid krypton has a value of 9.92 eV [25], nearly the
same as that in gas (10.0 eV) [31]. From the relation
e/E,=(e/I, I, /E,), wusing ¢€/I,=0.31 [21] and
I,=14.0 eV, we estimate e =0.38E|, for liquid krypton.

Substituting E;/E,=1.06, E./E,=0.88,
N /N;=0.19 and € /E,=0.38 in (4.1), we get W,;=18.6
eV. This estimate, obtained by applying the solid model
approximation to the excitation process and the gas mod-
el approximation to the ionization process, compares well
with the experimentally measured value of 18.4+0.3 eV.
For comparison, the estimated W value in liquid krypton
reported by Takahashi et al. [1] based solely on the solid
model approximation is 19.3 eV. We recognize, however,

that due to the relatively large uncertainties on the vari-
ous terms on the right-hand side of the Platzman equa-
tion, this kind of estimate has a limited value in con-
straining the true W value in liquid rare gases.

V. CONCLUSION

By varying the applied electric field in the range
0.1-16 kV/cm, the saturation characteristics of a liquid-
krypton gridded ionization chamber were measured re-
peatedly and yielded reproducible results. From the
charge collected at the highest field, assumed saturated,
the W value was determined to be 18.4+0.3 eV. Since
recombination theories predict that complete charge col-
lection can only be achieved at infinite field strength, we
prefer to consider the experimental W value of 18.4 eV as
the most precise upper limit on this quantity to date.
This remark should also apply to the W value in liquid
xenon and argon reported by other investigators using
the same method. For the case of liquid krypton, the ex-
trapolated W value is found to be between 3% and 8%
smaller, depending on the model used to fit the data. The
large uncertainty on the estimated W value obtained from
Platzman’s energy balance equation makes it in good
agreement with both the experimental and the extrapolat-
ed W value.
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