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Observation of anticorrelation between scintillation and ionization for MeV gamma rays
in liquid xenon
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A strong anticorrelation between ionization and scintillation signals produced by MeV v rays in liquid xenon
has been measured and used to improve the energy resolution by combining the two signals. The improvement
is explained by reduced electron-ion recombination fluctuations of the combined signal compared to fluctua-
tions of the individual signals. Simultaneous measurements of ionization and scintillation signals were carried
out with *’Cs, *Na, and *°Co y rays, as a function of electric field in the liquid. A resolution of 1.7% (o) at
662 keV was measured at 1 kV/cm, significantly better than the resolution from either scintillation or ioniza-
tion alone. A detailed analysis indicates that further improvement to less than 1% (o) is possible with higher

light collection efficiency and lower electronic noise.
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I. INTRODUCTION

Liquid xenon (LXe) is an excellent medium for radiation
detection, with high stopping power, good ionization, and
scintillation yields. Currently, liquid xenon detectors are be-
ing developed for several fundamental particle physics ex-
periments, from neutrinoless double beta decay' and dark
matter weakly interactive massive particle detection,>™ to
spectroscopy and imaging of gamma rays in physics, astro-
physics, and nuclear medicine. A more precise energy
measurement than currently demonstrated with liquid xenon
ionization and scintillation detectors would largely benefit all
these experiments. The best experimental energy resolution
is not only orders of magnitude worse than that expected
from the Fano factor'? but even worse than that predicted by
the Poisson statistics, based on the measured W value of
15.6 eV.!! The reason for the discrepancy is yet to be fully
understood, but fluctuations in electron-ion pair recombina-
tion rate are known to play a dominant role.

Both electron-ion pairs and excitons are produced by the
passage of an ionizing particle in liquid xenon. In the pres-
ence of an electric field, some of the electron-ion pairs are
separated before recombination, providing the charge signal
as electrons drift freely in the field. Recombination of the
remaining electron-ion pairs leads to excited xenon mol-
ecules, Xe;. Excitons that are directly produced by the inci-
dent particle also become Xe; molecules. Deexcitation of
these molecules to the ground state, Xe;—>2Xe+hv, pro-
duces scintillation photons with a wavelength of 178 nm.!?
The ionization and scintillation signals in liquid xenon are
thus complementary and anticorrelated as the suppression of
recombination by the external field results in more free elec-
trons and less scintillation photons.

This anticorrelation was first observed by Kubota et a
Large fluctuations in the number of collected electrons due to
their reduction by recombination lead to poor energy resolu-
tion of the ionization signal. A way to increase the ionization
signal and thus the energy resolution via the photoionization
effect in LXe doped with triemethylamine yielded good re-
sults, but only at low electric fields."* Another way to im-
prove the energy resolution is to reduce recombination fluc-
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tuations by combining ionization and scintillation signals.
Since recombination also produces scintillation photons,
fluctuations of the combined signal should be reduced. This
was originally suggested by Ypsilantis et al. many years
ago." The simultaneous detection of scintillation and ioniza-
tion in LXe has, however, been hard to realize because of the
difficulty to efficiently detect VUV light under the con-
straints of efficient charge collection.

In the Liquid Xenon Gamma-Ray Imaging Telescope
(LXeGRIT),” developed for Compton imaging of cosmic y
rays, both ionization and scintillation are detected, but the
fast vuv scintillation signal merely provided the event trig-
ger. The ionization signal provided the energy measurement,
with a resolution of 4.2% (o) at 1 MeV. The fair resolution
has been a major limitation of the LXe time projection cham-
ber (TPC) technology for astrophysics. In recent years, the
development of vuv-sensitive photomultiplier tubes (PMTs),
capable of operating directly in the cryogenic liquid, has re-
sulted in significant improvement of the Xe scintillation light
collection efficiency with good uniformity across the liquid
volume. A light readout based on these novel PMTs, coupled
with a lower-noise charge readout, was proposed to measure
both signals event by event and thus to improve the energy
resolution and the Compton imaging of the LXeGRIT
telescope.!® The work presented here was carried out with
two of the first PMTs developed for operation in LXe and is
our first attempt in this direction. Further optimization of
these vuv PMTs has continued, driven largely by our XE-
NON dark matter detector development.>!” These improved
PMTs, along with other vuv sensor technologies such as
large area avalanche photodiodes and Si photomultipliers,
which we are also testing for LXe scintillation detection,'® !
promise further energy resolution improvement.

II. EXPERIMENTAL SETUP AND SIGNALS

The detector used for this study is a gridded ionization
chamber with two vuv sensitive PMTs (2-in.-diameter
Hamamatsu R9288) viewing the sensitive liquid xenon vol-
ume from the anode, and cathode sides. The two PMTs, and
the transparent meshes serving as anode, cathode and shield-
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FIG. 1. The detector schematics (see text for details).

ing grid, are mounted in a structure made of Teflon for its
vuv reflectivity?® (Fig. 1). The drift gap, between cathode
and grid, is 1.9 cm, while the distance between grid and
anode is 3 mm. Separate high voltage is supplied to the cath-
ode and the grid, keeping a ratio between the field in the drift
gap and the field in the collection gap such as to maximize
electron transmission through the grid. The electrons col-
lected on the anode are detected by a charge-sensitive ampli-
fier (ClearPulse model 580). The charge signal is subse-
quently digitized with 10 bit resolution and a sampling time
of 200 ns (LeCroy model 2262). The scintillation signal from
each of the two PMTs is recorded with a digital oscilloscope
(LeCroy model LT374) with 1 ns sampling time. The time
difference between the scintillation and ionization signals is
the electron drift time which gives the event depth-of-
interaction information. The coincidence of the two PMT
signals is used as event trigger. Figure 2 shows the scintilla-
tion and ionization wave forms recorded at 1 kV/cm for a
662 keV y-ray event from '*’Cs. The number of photoelec-
trons N, detected by the PMTs is calculated based on the
gain calibration with a light emitting diode. The charge wave
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FIG. 2. (Color online) Wave forms of scintillation signal (left,
sum of two PMTS) and ionization signal (right) of a 662 keV y-ray
event from *’Cs at 1 kV/cm drift field.
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FIG. 3. Light and charge yields as a function of drift field for
662 keV vy rays from 137Cs. The uncertainty for charge measure-
ment is due to the uncertainty in preamplifier calibration. The light
yield is relative to that at zero field, for which the systematic un-
certainty is negligible.

form is well described by the Fermi-Dirac threshold function
in Eq. (1), as shown in Ref. 21. The pulse height A, drift time
14, rise time 7, and fall time 7, are determined from fitting Eq.
(1) to the charge wave form. A known test pulse is used to
calibrate the charge readout system, and the number of col-
lected electrons N, is calculated from the pulse height of the
charge wave form.

e—(r—zd)/t,

1+ e—(z—zd)/tf .

o(=A (1)

The Teflon structure holding the PMTs and the meshes is
mounted in a stainless steel vessel filled with liquid xenon at
about —95 °C during the experiment. A vacuum cryostat sur-
rounds the vessel for thermal insulation. The xenon gas fill-
ing and purification system, as well as the “cold finger” sys-
tem used for this setup, is described in a previous
publication.?! The setup was modified for these measure-
ments by adding a gas recirculation system!” in order to pu-
rify the xenon continuously until sufficient charge collection
is reached.

III. RESULTS AND DISCUSSION
A. Field dependence of scintillation and ionization

Figure 3 shows our measurement of the field dependence
up to 4 kV/cm of the light and charge yields for 662 keV y
rays from '¥’Cs. With increasing drift field, the charge yield
increases, while the light yield decreases. This behavior has
been known for a long time, and was originally reported in
Ref. 13.

A parametrization of the field dependence of the light
yield, S(E)/S,, was proposed by Doke et al.,”? introducing
the model of escaping electrons to explain the scintillation
light reduction at low linear energy transfer. In this param-
etrization, expressed by Eq. (2), the light yield S(E) at drift
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FIG. 4. Correlation between light yields and charge yield for
662 keV vy rays.

field E, normalized by the light yield at zero field, S, de-
pends on the charge yield Q(E) normalized to the charge at
infinite field, Q,, and on the ratio N,,/N; of the number of
excitons and ion pairs produced by a 7y ray. y is the fraction
of escaping electrons, i.e., the fraction of N; electrons which
do not recombine with positive ions for an extended time
(greater than millisecond) even at zero field, when the prob-
ability of recombination is highest.

S(E) 1+N,/N;—Q(E)IQ,
Sy  1+N,/N;—x

2)

N, /N; and y can be determined from a fit of Eq. (2) to the
charge and light yield data knowing Q,, which is given by
E,/W, where E, is the y-ray deposited energy and W
=15.6 eV (Ref. 11) is the average energy required to produce
an electron-ion pair in liquid xenon.

Figure 4 shows the result of such a fit to our 662 keV
data, which gives N,,/N;=0.20+0.13 and x=0.22+0.02. The
errors are from the uncertainty on charge collection only. A
ratio of 0.06 for N,/N; was originally estimated from the
optical approximation, using the absorption spectrum of
solid rare gases.?® In Ref. 22. N,,/N,;=0.20 and x=0.43 as
estimated from 1 MeV conversion electron data in LXe. This
N,,/N; value is consistent with that obtained from our data.
The difference in y might be due to the limited range of
electric fields used in our study.

The charge and light signals can be combined by the fol-
lowing equation:

o) | S 5

C(E) =
()aQo So

with a=1/[1+(N,,/N;)] and b=1-ay, which gives a con-
stant C(E)=1, regardless of applied field. The proportion of
charge and light is different at different fields but their sum is
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constant, as verified by our data in Fig. 3. Note that at very
low fields, Egs. (2) and (3) are not valid as escaping elec-
trons are not fully collected.

B. Combined energy from scintillation and ionization

The observed field dependent anticorrelation between
charge and light signals and its linear relationship offers a
way to improve the energy resolution by combining the two
signals with proper coefficients. This was first shown in a
measurement of energy loss of relativistic La ions in liquid
argon.”> More recently, Conti et al?® applied the same
method to improve the energy measurement of relativistic
electrons in a liquid xenon detector using a single UV PMT
to detect the scintillation signal. For 570 keV vy rays from
297Bi, an energy resolution of 3% (o) was measured at
4 kV/cm by combining the charge and light signals. In our
study, the improved light collection efficiency with two
PMTs immersed in the liquid gives even better results.

Figure 5 shows the strong anticorrelation of charge and
light signals measured with our detector for 662 keV vy rays
from *’Cs at 1 kV/cm. The energy resolution inferred from
the light and charge signals separately is 10.3% (o) and
4.8% (o), respectively. The resolution from the charge signal
is consistent with previously measured values.””* The
charge-light correlation angle 6, also shown in Fig. 5, is de-
fined as the angle between the major axis of the charge-light
ellipse and the X axis for light. 6 can be roughly calculated
as tan‘l(Rq/ R,), where R and R, are the energy resolutions
of the 662 keV peak from scintillation and ionization spec-
tra, respectively. 6 can also be found by a two-dimensional
Gaussian fit to the charge-light ellipse of the 662 keV peak.
A better energy resolution can be achieved by combining the
charge and light signals as (see the Appendix on how to
derive this equation),

_sin be + cos fe, @)

e, -
sin 6+ cos 6

where g, is the combined signal, in units of keV. ¢, and ¢,
are scintillation light and charge based energies in units of
keV. The charge-light combined energy resolution of
662 keV line is significantly improved to 1.7 % (o).

The energy resolution from the charge-light combined
spectrum, R,, can be derived from Eq. (4) as,?”’

, sin? 6R? + cos’ 0R5 +2 sin fcos OR,,
c =

(sin 0+ cos 6)? ’ ®)
where R and R, are the energy resolutions from scintillation
and ionization spectra, respectively. The covariance Ry, is the
contribution from the correlation of the two signals. The
magnitude of R, indicates the strength of anticorrelation (or
correlation) between the scintillation and ionization signals.
It is usually expressed in terms of correlation coefficient py,,

Pu=RJRR,). (6)

A value of p,, close to —1 (1) indicates a very strong anti-
correlation (correlation) of scintillation and ionization sig-
nals, while a zero p,, means no correlation. In Eq. (5), R, and
R, can be expressed as
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R’ =R} +R,,+R, ~R}+R:, (7)

R’=~R.+R;, (8)
where R,; and R,; are the energy resolution of scintillation
and ionization, respectively, contributed by liquid xenon it-
self. They include the liquid xenon intrinsic resolution and
the contribution from fluctuations of electron-ion recombina-
tion. Ry, is from the geometrical fluctuation of light collec-
tion. It is negligible in our result, since only events in the
center of the detector were selected for the analysis. Ry, is
from the statistical fluctuation of the number of photoelec-
trons N, in the PMTs. R, can be calculated roughly as R,

\/[1 + ) ]/Npe, which includes the statistical fluctuations

200 400 600 800 1000 1200 1400 1600

Energy from Light [keV]

of the number of photoelectrons and the PMTs gain variation
(0,/g~0.67, based on the single-photoelectron spectrum).
R, is from the equivalent noise charge (ENC) of the charge
readout. ENC was measured to be between 600 and 800
electrons, depending on the drift field, from a test pulse dis-
tribution. R,,=ENC/N,, where N, is the number of collected
charges from the 662 keV peak. We note that we have ne-
glected other contributions to the resolution of the charge
measurement, such as from shielding grid inefficiency or
pulse rise time variation, as they are subdominant compared
to the electronic noise contribution.

Table I lists the energy resolution of the 662 keV +y-ray
peak inferred from ionization, scintillation, and charge-light
combined spectra at different drift fields. The quoted errors
are statistical only. The correlation angle and the correlation

TABLE 1. Measured energy resolutions (o) and correlation coefficients for 662 keV gamma rays at

different electric field values.

Field R, R, R, 0

(kV/cm) (%) (%) (%) (deg) Psq
0 7.920.3

1 10.3+0.4 4.8+0.1 1.7+0.1 24.8 -0.87
2 10.5+0.3 4.0%0.1 1.8+0.1 20.8 -0.80
3 10.0+0.3 3.6%0.1 1.9+0.1 19.7 -0.74
4 9.8+0.3 3.420.1 1.8+0.1 19.1 -0.74
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TABLE II. Predicted achievable energy resolutions in liquid xenon for light (Ry;), charge (R,), and
combined (R,.) measurements, and charge-light correlation coefficient by removing instrumental noise

contributions.

Fleld Rsi qu RL‘G Rci

(kV/em) (%) (%) (%) (%) Psqi
0 6.0+0.3

1 9.9+0.4 4.3+0.1 1.6+0.1 <1.0 —-1.00
2 10.1+£0.3 3.5+0.1 1.7+0.2 <1.2 -0.98
3 9.5+0.3 3.0+0.1 1.8+0.2 <1.2 —-0.98
4 9.3+0.3 2.8+0.1 1.8+0.2 <1.0 -1.00

coefficient at each field are also presented. The energy reso-
lution improves with increasing field for both scintillation
and ionization, while the charge-light combined energy reso-
lution is about the same at different fields. The best value
achieved in this study is 1.7% (o) at 1 kV/cm drift field. We
should mention that during this work, we observed improve-
ment of the energy resolution from both light and combined
energy spectra when we used Teflon to enhance light
collection,'®?° while the energy resolution from the charge
spectrum did not change.

The different value of the charge-light correlation coeffi-
cient at different fields indicates a more fundamental corre-
lation coefficient between ionization and scintillation in lig-
uid xenon. In fact, the energy resolution R, from charge-light
combined signals comes from two factors: One is the liquid
xenon intrinsic energy resolution R,; another factor, R,,, is
contributed by external sources, such as the fluctuation of
light collection efficiency on the light signal and fluctuation
of electronic noise on the charge signal. The charge-light
combined energy resolution can be written as follows:

R*=R%+R?%, )
2 _ sin® OR}; + cos® OR., + 2 sin 6 cos 6R,,, (10)
“ (sin 0+ cos 6)? ’
) 2 2
sin“ OR; + cos” 6R
ze ~ 58 qge (1 1)

(sin @+ cos 6)>

In these equations, R,; and R, are the liquid xenon energy
resolution from scintillation and ionization, respectively, as
previously discussed. R,; indicates the correlation between
ionization and scintillation signals in liquid xenon. We can
define the intrinsic correlation coefficient, py;, of liquid xe-
non scintillation and ionization, similar to Eq. (6) for the
measured charge-light correlation coefficient, but without in-
strumental noise contributions:

psqi = qui/(Rsqui) . (12)

The energy resolution for scintillation R; and ionization R;
can be calculated based on Egs. (7) and (8), from the mea-
sured values of correlation angle 6, statistical fluctuation of
light detection Ry and electronic noise contribution R,,. The
calculated values are listed in Table II. Table II also shows
the intrinsic and external contributions, R, and R,,, to the

charge-light combined energy resolution. The values of R;
and R, are calculated from Egs. (9)—(11). The intrinsic cor-
relation coefficients from Eq. (12) are also shown.

The intrinsic energy resolution in liquid xenon from the
combined scintillation and ionization signals is estimated to
be less than 1%. Only upper limits are given here since the
uncertainties become large at such small values. The intrinsic
correlation coefficients are closer to —1 than those measured
from the experimental data including instrumental noisecon-
tributions. This indicates near-perfect anticorrelation be-
tween ionization and scintillation in liquid xenon. We there-
fore expect that further improvement in the combined signal
energy resolution can be achieved by increasing light collec-
tion efficiency and by minimizing electronic noise.
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FIG. 6. Energy spectra of 2Na and *Co y-ray sources at
3 kV/cm, by combining charge and light signals.
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C. Energy dependence of resolution

The improvement of the energy resolution by combining
scintillation and ionization signals was studied at 3 kV/cm
drift field as a function of y-ray energy, using radioactive
sources such as 2*Na (511 keV and 1.28 MeV), *'Cs
(662 keV), and ®°Co (1.17 and 1.33 MeV) (Fig. 6). The en-
ergy resolution from charge, light, and charge-light com-
bined spectra is shown in Fig. 7. The data were fitted with an
empirical function, o/ E=a/+/(E/MeV), yielding for the pa-
rameter « (8.6+0.4)%, (3.020.4)%, and (1.9+0.4)% for
light, charge, and combined spectra, respectively.

IV. CONCLUSION

We have shown that the energy resolution of MeV 1y rays
in liquid xenon can be significantly improved by combining
simultaneously measured scintillation and ionization signals.
The best resolution achieved is 1.7% (o) for 662 keV vy rays
at 1 kV/cm. This value is much better than that measured
from scintillation [10.3% ()] or from ionization, [4.8 % ()],
separately. By summing the two signals, which are strongly
anticorrelated, recombination fluctuations are reduced, re-
sulting in improved energy resolution. At present, the energy
resolution of the combined signal is still limited by external
factors, such as light collection efficiency, PMT quantum ef-
ficiency, and charge readout electronic noise. By reducing
the contribution from these factors, we estimate that the in-
trinsic energy resolution of MeV gamma rays in liquid xenon
from charge-light combined signal should be less than 1%.
The simultaneous detection of ionization and scintillation
signals in liquid xenon, therefore, provides a practical way to
improve the energy measurement with a resolution better
than the Poisson limit, and possibly closer to the Fano
limit.'® On the other hand, the limit to the energy resolution
of LXe might well be not determined by Fano statistics but
rather connected to the liquid phase, for instance, to micro-
scopic density nonuniformities of the liquid itself. It has been
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FIG. 8. (Color online) Illustration of how to combine charge &g
and light &, into a combined signal €.

shown by Bolotnikov and Ramsey?® that the energy resolu-
tion deteriorates as the density of Xe gas increases. The be-
havior was attributed to the formation of molecular clusters
in high pressure and liquid xenon, but a more quantitative
explanation is needed. Despite the limitation of energy reso-
lution, the liquid phase offers far too many advantages for
high energy radiation detection. The development of a LX-
eTPC which combines millimeter spatial resolution with 1%
or better energy resolution, within a large homogeneous vol-
ume, is very promising for particle physics and astrophysics
experiments.
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APPENDIX: DERIVATION OF THE EQUATION FOR THE
COMBINED SIGNAL

Figure 8 illustrates how the charge and light signals are
combined [Eq. (4)]. &, and &; are charge and light signals in
units of energy (keV). g, is the mean for both charge and
light signals (e.g., £9=662 keV). @ is the charge-light corre-
lation angle. By projecting the data points on the ellipse
along the charge-light correlation line, we get a combined
signal,

g, =sin g+ cos be,. (A1)
The mean of the combined signal is
&) =sin fgy + cos Og,. (A2)

We then normalize the combined signal in units of energy
(keV) [Eq. (4)],
&g _ sin fg, + cos bg,

=— (A3)
g sin @+ cos 0
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