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Correlated fluctuations between luminescence and ionization in liquid xenon
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The ionization of liquefied noble gases by radiation is known to be accompanied by fluctuations much larger
than predicted by Poisson statistics. We have studied the fluctuations of both scintillation and ionization in
liquid xenon and have measured a strong anti-correlation between the two at a microscopic level, with coef-
ficient —0.80<p.,<—0.60. This provides direct experimental evidence that electron-ion recombination is
partially responsible for the anomalously large fluctuations and at the same time allows substantial improve-
ment of calorimetric energy resolution.
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The measurement of ionizing radiation in a liquefiedscintillation photons are produced by the relaxation of a xe-
noble ga$such as Ar, Kr, or Xe can be characterized by twonon excimer, Xg¢* —2Xe+hwv. The excimer is formed in
parametersW,, the mean energy required to create a freetwo ways: (i) direct excitation by an energetic particle and
electron-ion pair and the Fano factét,, which parameter- (i) recombination of an electron with a xenon molecular
izes the fluctuations in the number of ion pdirshe Fano ion, Xe; +e—Xe} (recombination luminescencé The

factor is defined by electron-ion recombination rate depends upon the ionization
density and the applied electric field. The quantitiés and
0= FeNe, ) F, can be defined in analogy with the ionization case, where

W, is the mean energy absorbed per emitted photonFand
wherecrg is the variance of the charge expressed in units oparameterizes their variance. Fano’s theory was not intended
the electron charges, and N is the number of ion pairs. to treat photon fluctuations and in this cdsgis treated as a
F.=1 corresponds to Poisson statistics. Fano originally prephenomenological parameter.
dicted that the charge fluctuations would be sub-Poissonian, We have simultaneously studied both ionization and scin-
F.<1, because the individual ion-pair creation processes ar@lation in LXe using a special geometry ionization chamber
not independent once the additional constr&irtN W, is  equipped with a vacuum ultraviol¢¥UV) photomultiplier
included, whereE is the energy deposited by the incident tube (PMT) capable of detecting the:175-nm scintillation
particle. The Fano factor for gaseous noble elements is reldight from the xenon. The chamber, shown in Fig. 1, has a
tively well understood, where for example the theory forpancake geometry with a total volume sf1.5 I. It is built
argon predictd=,=0.16 while experiment yields,=0.203  out of ultrahigh-vacuum compatible parts, so that it can be

The Fano factor for the liquid phase has been far mordaked and treated with hot xenon before filling to obtain
difficult to understand, even though the valuesVdf are  good LXe purity. The chamber is cooled by immersion in a
similar to those of the gas. The pioneering theoretical workbath of HFE7108that is in turn cooled by liquid nitrogen.
of Doke et al? in 1976 predictedF,~0.05 for liquid Xe  The xenon is purified by an Oxysdtbartridge during trans-
(LXe). Experiments, however, have consistently found afer from the storage cylinder to the chamber. lonization is
resolution that would imply a valuE,>20. This is equiva- collected in a fiducial volume with radius-10 mm and
lent to a variance 20 times worse than Poissonian and 40Qeight=6 mm defined by a small grid and a large cathode
times worse than predicted by Fano’s original argument. Thiplane. The grid and cathode are made of an electroformed
discrepancy has not only raised important issues for the urickel mesh with 90% optical transparency. Drifted electrons
derstanding of the phenomena of energy loss and conversioare collected on a low-capacitance anode surrounded by a
but it is also of interest for experimental physics since thisfield-defining ring held at the same ground potential. An
large Fano factor limits the resolution of calorimeters used irelectron transparency of 100% is obtained by maintaining
nuclear and particle physics. the anode-to-grid field,E,g), double in value with respect

Luminescence light provides a second process, compldo the drift field, Exg), for all the measurements reported
mentary to ionization, with which to study energy loss andhere. All data were collected at a LXe temperature of 169.2
conversion phenomena. The properties of luminescence light 0.5 K and pressure of 99@8 Torr. The temperature gra-
emitted by ionizing radiatioriscintillation) in liquid Ar, Kr, dients in the chamber were measured to be lesstag K.
and Xe detectors have been extensively studied and have The electron signal is detected by a low noise charge-
been exploited in calorimetfy? As described elsewhefe, sensitive preamplifiét with a cold input field-effect transis-
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FIG. 2. The two-dimensional scintillation and ionization spectra
recorded at drift fieldExz=4 kV/icm. The two “islands” with
negative correlation coefficient correspond to the twbnes from
the 2°Bi source and their satellite internal conversion peaks. The
axes are calibrated in terms of absolute numbers of elementary ex-
citations(ionization electrons and photoelectrons in the PMT

FIG. 1. Schematic drawing of the liquid xenon detector. As de-
scribed in the text, the chamber is cooled by immersion in a refrig-
erant bath. The bismuth source is in reality much smaller than in-
dicated in the figure.

signal is read out using a 12-bit charge ADC calibrated by
tor (FET) placed on the feedthrough of the chamber. Aﬂerm(‘t:]'-zasuring the single-photon peak, which is well resolved
subsequent ampllflcatlon and fllterlng the charge sid(ig! from noise.
e e o S sson, Dal SUSHOrDAQ) i vigered when hee s de-
represented by the function layed coincidence between PMT and charge signals. The de-
lay is required to account for the electron drift time and
varies with electric field. Once a coincidence is established,
DAQ is inhibited until the event has been processed and the
instruments cleared. About 25% of the collected data is re-
moved offline by analysis cuts that reject events that don't fit
whereAt=t—t, and the terme=De” Y7+ 100+ 0.019 ac- model (2). These “bad events” are mostly due to multiple
counts for pileup, analog-to-digital convertgkDC) offset,  ionization deposits from Compton scattering, deposits at the
and a small integral nonlinearity. We simultaneously fit foredge of the ionization fiducial region, and cosmic-ray back-
the amplitudeA, the effective drift-timety, the rise-time pa- ground.
rameterC, the pileup offsetD, and the integrator fall-time The LXe is excited by the 570- and 1064-ke¥s (and
constantr. The fit fall time is=50 us for all the data, as their associated internal conversion electrons and x)rays
expected. The paramet includes information about the emitted by a?*'Bi source. The source is prepared as a mono-
multiplicity of the ionization event and its values range from atomic layer electroplated on-=a3-um diameter carbon fi-
0.78 ws for a field of 4 kV/cm to 1.04us for 0.2 kV/cm. The  ber that is then threaded through the cathode grid. The thin
decrease of this parameter with the increase of the electrisource minimizes the effects of self-shadowing of the scin-
field is consistent with the expected change in drift velocity.tillation light and is essential to obtain acceptable scintilla-
The readout is calibrated in units of electron charge bytion resolution. The data presented here were collected at
injecting a signal into the input FET through a calibrateddrift fields Exg of 0.2 kV/cm, 0.5 kV/cm, 1 kV/icm, 2 kV/
capacitor. The noise of the preamplifier was measured with am, and 4 kV/cm.
test signal and found to follow a Gaussian distribution with A two-dimensional scatter plot of ionization versus scin-
width oy=2381e. tillation signals obtained at 4 kV/cm is shown in Fig. 2. The
The scintillation light is detected through the cathode gridtwo peaks in the ionization channel can be fit to a Gaussian
by the 3-inch VUV PMT2 with a solid angle that varies from function plus a first-order polynomial function. The energy
21.5% to 26% of 4r for signals produced in the region be- resolution obtained from the ionization data, once the elec-
tween cathode and grid active for ionization collection. Thetronics noise is subtracted in quadrature, is in good quantita-
fraction of photoelectrons extracted from the PMT photo-tive agreement with the results of other authors, as shown for
cathode per scintillation photon produced in the LXe varieshe 570-keV peak in Fig. 3.
between 3.0% and 3.6% considering mesh and quartz win- As shown in Fig. 2, the scintillation spectrum has substan-
dow transparencies and photocathode quantum efficienayally poorer resolution and a larger continuum than the ion-
(22% including transparency of the PMT windpwhe PMT  ization spectrum. Differences between the two channels arise

At
f(t)=A|1+erf <lle Ury o, (2)
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FIG. 3. lonization resolution for 570-keYs in LXe when fit to FIG. 4. Macroscopic anti-correlation between scintillation light

a one-dimensional Gaussian. The black squares show the resolutiand ionization as a function of the electric field. Similar results have
observed by this experiment for different electric fields. The othetbeen obtained before by other workers.
symbols represent the resolutions observed with LXe ionization

chambers by other authot$in good agreement with our data.  giinsillation and ionization fluctuates event by event even

though the sum of the two remains constant, in analogy with

hat th i f1h d ted the macroscopic correlations described above. The micro-
somewhat upon the position of the energy deposited, as me@bopic nature of the anti-correlation may help in understand-

tioned above, and from the different fiducial volumes. Theing the large Fano factor mentioned above. It also shows the

rWay to dramatic improvements in the energy resolution of
article detectors, since the fluctuations clearly affect scintil-
+2.5)% at 570 keV, where the error refers to the range Ojation and ionization in opposite ways. Anti-correlations

values observed at_ d'ffe“?”t fields. T similar to the ones shown in Fig. 2 are obtained at all fields
The observed ionization and scintillation spectra are

o . " and were not previously observed in LXe, although they
qualitatively well re.producedmm' bOIh. peak .pos_mons andWere shown for heavy ions in liquid argon, in Ref. 15.
strengths by a detailedEanT4™ simulation which includes 15 5 nti correlation can be formally extracted from the
the processes of internal capture, x-ray and Auger electropé

with a Gaussian plus a first degree polynomialgis (16.5

M . . L ata by fitting each of the peaks to a two-dimensional Gauss-
emission. An empirical Gaussian smearing is used to matc

the GEANT4 output with the data. However, in the absence of n distributiort
a microscopic model for the production of scintillation pho-

tons in LXe, the simulation could not be used to quantita-G(Ne,N;)
tively fit the two-dimensional spectrum.

Previous work§ have reported evidence for what we call -1 ANZ AN,ZJ 2pepANAN,
here “macroscopic” anti-correlation between scintillation =Hex 2 /2 + 5 , '
light and ionization as a function of the electric field applied 2(1=pep | 0" 0y Tep
to the LXe. This effect, illustrated for our data in Fig. 4, is 3

thought to be due to the fact that scintillation occurs as ion-

ization recombines. Different values of the electric field ' : -
; s A . where H=1/2 J1—pZ_is a normalization constant,
modify such recombination, changing the proportion be- T7ep Pep

i L , - o
tween light and ionization but leaving their sum constant.p‘fp_V‘*"/‘Tegp Is the correlation coefficient between ioniza-

The constancy of the sum is well reproduced by data, aion and scintillation signalsye,=((Ne—Ne) (N, —Np)) is
shown, in our case, by Fig. 4. We note that the absolute valuthe covarianceAN.=Ng—N, and AN,=N,—N,. While
of the sum does not directly correspond to the total energyhe instrumental noise on the scintillation channel is negli-
deposited, as part of the energy is lost in other channels. Wgible and hence ignored, the variance for the ionization chan-
refer to this anti-correlation as “macroscopic” because is itnel, o= o2+ o5, includes the termg=381e, that ac-
an average behavior of the LXe and it is obtained by changeounts for the readout noise mentioned above. This is a
ing an external, macroscopic, paramethe electric fieldl. relatively small correctione.g., 12% at 4 kV/cm for the

In Fig. 2, clear “microscopic” anti-correlation is evident 570-keV peak Unlike the one-dimensional fits used for ion-
in each of the two “islands” corresponding to the 570-keV ization and scintillation data separately, the two-dimensional
and 1064-keVy lines. This effect, simply referred to as anti- fitting function does not include a background term. A two-
correlation below, indicates that energy sharing betweestep procedure is used to first find an elliptical region of full
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FIG. 5. Correlation coefficients between ionization and scintil-  F|G. 6. Correlation coefficient at all fields for different subset of

lation signals obtained from the two-dimensional fit discussed in theyents at a 4-kV/cm field. The complete data set for the 570 keV
text. The two sets of points refer to the coefficients found for theregion is divided in four regions according to their drift times, as

570- and the 1064-keV peaks. The errors shown are from systenjystrated by the effective drift-time distribution in the inset. The

atics in the analysis, while statistical errors are negligible. peak to the right of this distribution is mostly due to electrons that
stop near the source on the cathode. For each field the cuts defining

width 2.35%r around each of the twg-ray peaks and then different regions are set in such a way as to select equivalent popu-

perform the final fit. The limited range of the fit suppressedations of events. The magnitude of the correlation coefficients and

theK-shell internal capture electrons and Compton scatteringheir behavior as a function of the electric field do not depend

events. We found that the two-dimensional Gaussian fits tensignificantly upon the energy deposition location.

to produce larger variances with respect to the one-

dimensional fits, providing a conservative estimate of thedimensional ellipses. Figure 7 shows the ionization resolu-

real resolutions. tions from the two-dimensional fit and the minimum resolu-

The correlation coefficients found by the fit are plotted intions in the frame rotated bg for the 570-keV gamma ray

Fig. 5 as a function of drift field. A clear anti-correlation peak at all drift fields.

exists at all fields for both the 570-keV and the 1064-keV  The resolution improvement observed when correlating

lines. The errors shown in Fig. 5 are systematic and are eshe ionization and scintillation signals is significantly better

timated as the full range of the variation pf, when the than the uncorrelated addition of the two spectra, where

different analysis cuts and fit intervals are changed. Statistigp+e=(g;2+ 0;2)*1/2, At 4 kvicm o, =3.7%. When

cal errors are negligible. The stability of the correlation with

respect to different experimental circumstantasch as po-

sition in the chamber, size of the chamber, and type of radia- 10'_ o
tion) can be tested by repeating the fits for different subset of -t Ve
the data, each presenting a different range of effective drift i O in
times, as derived from Eq2). The effective drift-time dis- 8 4+
tribution, shown for 4 kV/cm in the inset of Fig. 6, allows for T [
the selection of events originating at different spatial posi- b L
tions along the drift field. The peak at large drift times pri- g 6 +
marily corresponds to electrons that lose their energy and 5§ [®
stop in the vicinity of the cathode plane where the sourceis. g  © +
As shown in Fig. 6 the correlation coefficient does not de- e ° o
pend significantly on different effective drift times. -

By diagonalizing the covariance matrix via a unitary ro- ol
tation through angle -

a:larcta{—zf’;p"e‘;p , O T R T S T S T S
2 (oe—0p) Drift field [kV/em]

the correlated two-dimensional Gaussian can be reduced to |G, 7. Resolutions for the ionization channel,, and for the

two uncorrelated Gaussians with vananoé,ﬁn andamax.16 small correlated combinationg,,,, using a fit to a two-
This rotation is mathematically equivalent to measuring thelimensional correlated Gaussian. The data shown are for the 570-
variances along the major and minor axes of the twokeV gamma ray peak.
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using the correlated nature of the two channels, the resolthave smaller fluctuations than either alone. Note that since
tion o,in=3.0%, a factor of 1.24 improvement. The im- the Fano factor&, andF, are typically far in excess of their
provement is more dramatic at the 0.2-kV/cm field where thePoissonian values, the improvement should in principle be
ratio is 9.7/5.4= 1.8. While we found that the absolute values substantial and is not limited by the factor Q‘E one would

of the resolution change somewhat for different fitting meth-expect from the combination of two uncorrelated signals of
ods and at different stages of the iterative procedure, thggya| resolution. The data presented here provide direct ex-
improvement factor is very stable. We note here that the,erimental evidence of this fluctuation and the associated
main results of this work are to show that a microscopic,qcombination by observing a clear microscopic anti-

correlation exists and it can be consistently used to Improve, e|aion between ionization and scintillation. The correla-
the resolution. The ultimate resolution will have to be mea-,. . .
tion, pep, and the magnitude of the variancess,,, and

sured at a later stage with a detector of larger volume, better, . . .
VUV light collection, and possibly a different source, and it “min» Provide input to improve the model in terms of ob-
is expected to be even better than the resolutigp, re- serve_lbles t_ha_t are more directly related to _the microscopic
ported in Fig. 7. physics. It is interesting to note that from Fig. 5 it appears
While the nature of the large Fano factor in liquefied that the magnitude of the correlatign, decreases for in-
noble gases is still not well understood, the different model$reasing electric fieldat least at low fields This behavior is
considered generally involve fluctuations in the density ofpossibly connected to the dependence of the intensity of the
the energy deposited.Such fluctuations can arise from den- recombination luminescence with the electric field, as ex-
sity variations in the medium or from the small number of pected in all the models discussed.
delta electrons with energies between 1 and 30 keV that are In conclusion, we have observed a clear microscopic anti-
produced by Rutherford scattering of atomic electrons in theorrelation between ionization and scintillation in liquid xe-
liquid. When these electrons come to a stop they produce aon. We have also measured the correlation coefficient be-
dense cluster of electron-ion pairs whose recombination ratgyeen these two channels to be0.8< pe,<—0.6. This
is relatively hlgh In both cases more recombination OCCUrhservation has two important conseguences. First, it pro-
where the ionization density is higher. Hence the statisticgides direct experimental evidence that recombination is a
relevant for the fluctuations in the liquid is that of ttenal)  gypstantial source of the anomalously large Fano factors in
number of high ionization density regiofeither the number e high-density liquid state. Second, it provides a method

of delta electrons or the number of high-density regiof’®  or improving the resolution of liquefied noble gas calorim-
a sense, this would mean that the Fano factors computed iggrs.

Eq. (1) are too small because the “wrond\ is used.

As first suggested in Ref. 18 the recombination hypothesis One of us(G.G) is indebted to P. Picchi, F. Pietropaolo,
above implies that the fluctuations of ionization and scintil-and T. Ypsilantis for early discussions on the subject, M.
lation should be anti-correlated, since the high-ionization-Moe for a careful reading of the manuscript, and R.G.H.
density regions which produce less free charge should emit Robertson for having stimulated interest in this topic. This
correspondingly larger amount of scintillation light. A linear work was supported by the US DOE Grant No. DE-FGO03-
combination of ionization and scintillation should therefore 90ER40569-A019 and by Stanford University.
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