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The time and energy responses of a liquid-xenon (LXe) scintillation chamber to heavy-
ion beams were studied using ?*Ne ions at an energy of 1354 MeV. The scintillation light
in LXe was observed by two photomultipliers (PMTs). The intrinsic time resolution by
one PMT was confirmed to be approximately 30 ps in sigma up to a beam intensity of
1.3x10° counts per second {(cps). The energy output was observed to he also constant
for the increase in the beam intensity. The energy resolution was 1.2-1.4 % in sigma.
The possibilities of LXe as a detector medium for an energy spectrometer and a timing

detector for heavy-ion beams were described.
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1. Introduction

In the BRI Beam Factorv project at the Institute of Phvsical and Chemical Researel
(RIKEN). various RI's are produced by projectile fragmentation. Discoveries of numerous
new isotopes heavier than O are expected.? A high-momentum fragment is separated
and identified by use a combination of a magnetic field analyzer. a time-of-flight (TOF)
mass spectrometer. an energy loss counter and a total-energy calorimeter.

Conventionally, Si detectors have been used for precise energy loss or total-energy mea-
surement because thev have excellent energy resolution for charged particles. However,
thev are very weak against radiation damage by heavy charged particles. Namely, Si
detectors have good energy resolution because of their small band gap due to its crys-
ral structure but the regular strncture is easily broken along the track of incident heavy
particles. The result produces irreversible radiation damage. In a fong-term experiment.,
accordingly. we have to pay attention to the amount of beam irradiation and sometunes
replace the Si detectors during the experiment. To search for new isotopes in a region
awav from the stability line in the nuclear chart. the amount of beam nrradiation required
will he more because of the low production cross sections of these nuclei. Therefore, the
detectors. which are resistant to radiation damage due to heavy particles. are required.

To satisfy such a requirement. the possibility of the use of liquid rare gas as a detector
medinm was considered for detectors which are resistant to irradiation damage by heavy
particles. Recentlv. a new liquid argon (LAr) 1omzation chamber had been constructed
and tested for heavy tons of approximately 1004 MeV3 ¥ energy. Excellent energy reso-
Iations of 0.6 — 0.7% i full width at half maximum (FWHM) were achieved for Ar and
Ca beams.? but the pulse heights of ionization signals from the chamber changed with
the beam intensity as a result of the accumulation of Ar™ ions. Y

To eliminate such an intensity dependence of output pulse heights. in the next step.
the use of scinfillation lght from liquid xenon (LXe) was considered. The wavelength
of the scintillation light is ultraviolet (around 175 nm®} but still sufficient long to be
measured by a photomultiplier {PMT) directly. In addition. the decay fime constants

(4.3 and 22 ns) ® are comparable to those of plastic scintillators. and the scintillation



vield (11, = 117 e\"") Is also comparable to that in a Nal{(TI) crystal.

Basced on the above-mentioned considerations. we have recently constructed a LXe
scintillation chamber for heavy charged particles and tested it with 2"Ne ions at an encrgy
of 1354 MeV from the RIKEN Ring Cyelotron (RRC) for stability with beam intensity.
time resolution and energy resolution. In tlis paper. the results of the experiment will
be reported and a new chamber for real nuclear physics experiments designed hased on

newly obtained data will be presented.

2. LXe scintillation chamber

2.1 Chamber

The LAr ionization chamber used in the experiment®* has been improved for the
present scintillation experiment. Figure 1 shows a cross-sectional view of the LXe scin-
tillation chamber, It cousists of an internal vessel and a crvostat system. The internal
vessel is placed in vacwun. and wrapped by superinsulators. which prevent heat flow due
to radiation to the vessel. The internal vessel was kept at a LXe temperature of -110 °C
by the crvostat filled with a nixture of ethanol and liquid Ns as shown in the figure.

The heavy-ion beam conses nto the mternal vessel through an aluminized Mylar foil
of 100 jan thickness and a Havar foil of 160 pm thickness. Figure 2 shows cross-sectional
views of the internal vessel as well as PAMTs. which are attached to the outer vessel. The
Havar foil is welded on a stainless-steel flange and supported by a stainless-steel fin-type
lattice. The width of the fin-tvpe lattice is 2 mum and the pitch is 10 mm. The thickness
of the fin-type lattice is 10 mm and sufficient to stop the ’Ne beam of 1354 MeV.

Liquid xenon (100 ml) fills the vessel. Its volume is defined by a cylindrical black
Alumite. which has zigzag surface to reduce reflection of scintillation light.® The internal
vessel of the LXe scintillation chamber aud the lines of the purification and liquefaction
system were haked and vacuumed at 120 °C and 150 °C. respectively, for several days to
maintain the cleanliness of the svstem. Nenon gas was purified with Ba-Ti getters. and
then condensed into the internal vessel. The LXe purity of less than 100 pph as oxygen
equivalent iImpurity concentration was achieved.

Liquid xenon must be kept at a zero electric field in the metal wall because the scintilla-



tion efliciency of LNe depends on an eleetrie field significantlv, A grounded shiclding grid.
which has 967 open space. eliminates the electric field from the PMTs. The transparency
of a S-mm-thick MgF, window to VUV light from Ne atoms is about 909 nominallv. It

15 sealed in a stainless-steel flange by indimm packing.

2.2 Photomultipliers for the LXe¢ scintillation chamber

Scmtillation light is observed by two PMTs (PMT A and PMT B) through the MgFs
window of the internal vessel and the quartz windows of PNMTs. 2 mm in thickness. The
dimensions of the PMT (Hamamatsn R5900) are 27 x27x22 nun® and the effective area
of the photocathode 1s 18x18 mm?. which is composed of Rl Cs and Sh. The nominal
quantum efficiency to 175 mn VUV light is about 10%. It has a metal-channel dyvnode
and has 10 stages. The high-voltage divider for the LXe seintillation chamber is shown
in Fig. 3. In order to remove an unstable response to fluctuation of a heam intensity dne
to the lack of the divider current. the total divider resistance was redueed from 36 MO to
20 k€2, The divider current of 1.4 mA at an applied voltage of 1 kV also stabilizes the
PMT response for a large amount of hight produced by irradiation of heavv-ion beams.
The boosters (HV1-3) allow the PMT to work stably under a high-intensity beam. The
signal were detected from the anode. the 9, dvnode{Dv1) and the 8, dvnode(Dv2). Dyl
and Dy2 were used in this experiment for the 'Ne heam hecause the gain with all stages
of the dynode was too high to precisely observe the light produced without a sign of

saturation of an anode signal.

3. Experiment with **Ne beam

3.1 FErperimental setup

Figure 4 shows the experimental arrangement. The ““Ne beam was extracted through
a Mylar window of 300 pm thickness. Two PMTs (Hamamatsu H1161) were attached
on either side (the left (L) and the right (R) sides) of a I-immi-thick plastic scintillator
(BICRON 408). This sciutillation counter was used as one of the triggers and as the start
of TOF. The distance hetween the plastic scintillator and the internal vessel of the LXe
scintillation chamber defined the flight length to be 80 cm. The veto counter consisted

of a plastic scintillator of 1 mm thickness with a [-mm-diameter hole at the center of the



offective area. which was used to define the beam position within the hole. It was aligned
to the heam axis and the center of the LXe scintillation chiamber. All ®Ne ions stopped

in LXe. and their scintillation light was measured by two PMTs.

3.2 Frperiment

The performance of the LXe scintillation chamber was investigated with an ““Ne beam
of 1354 MeV energy at a beam intensity up to 1.3x10° cps. The energy resolution. the
time resolution and the response to the heam intensity were studied. Aluminum plates of
0.1.3. 5.8 and 10 mm thicknesses were placed hefore the plésti(‘ scintillator as a degrader

to change the beam energy.

4. Results and discussion

4.1 Time resolution

Signals of Dv2 from both PMTs were discriminated by a discriminator (Phillips 730)
in the leading edge, and then connected to the stop of TDC (Kaizu 3780}, The bin width
of the TDC was 25 ps. The coincidence signal of the plastic scintillator and the LXe
scintillation chamber was used as a start of the TDC. A fluctuation of the start signals
is completely eliminated by reconstructing a spectrum of the time difference between two
channels of the TDC.

Figure 5 shows a typical time-difference spectrum to the **Ne ion beam between PMT A
and PMT B. A time walk effect. which was caused by the discrunination in the leading edge
at various pulse heights, was corrected in the time-difference spectrum. The correction,
however. did not give much influence on the time resolution because of the good uniformity

of the pulse heights. The width of the spectrum (o{4 — B)) 1s written as follows.
o(A— B = o(A)? + o{ B (4.1)

where a(4) and ¢(B) are the time resolutions of PMT A and PMT B. respectively.
g(4 — B) was 41 ps. Assuming that (1) and ¢(B) were the same, the intrinsic time
resolution of 29 ps is obtained by dividing (4 — B) by V2.

Figure 6 shows the intensity dependence of the intrinsic time resolution in the LXe

scintillation chamber. As ohserved from the figure, it was constant at approximately



30 ps in sigma np to a beam inteusity of 1.3x10° ¢ps. The vertical error bars include
fluctuations due to the hining and the statistical error, and the horizontal ones were given
for the minimum and maxinnun beam intensities in each measurement.

Since the mean of values obtained from two PAMTs is used for the TOF measurement.
the time resolution of the LXe semtillation chamber with two PMTs is given by dividing

the intrinsic time resolution of 30 ps hy V2. It is 21 ps in sigma.

4.2 Energy output and resolution

Typical energy spectra of Dyl and Dy2 for the **Ne ion heam are shown in Figs, 7(a)
and 7{h). They were reconstructed by summing both ADCs of PMT A and PMT B. The
energy resolutions of Dyl and Dv2 were 1.2% and 1.6% in sigma respectively.

Figure 8 shows the connt rate dependence of the amplitude of the light from the LXe
scinfillation chamber. The amplitude was constant for a beam intensity of 3x10% -2x 10"
cps. The plot for a heam intensity of 1.3x10° cps is not shown in Fig. 8. because
the measurement was not carried out under good conditions due to the AC-coupling of
the ADC (LeCroy 2249W). The closed plots indicate Dyl and Dv2. and they show the
difference of the gaim. These fluctuations were less than 1%, Figure 9 shows the count
rate dependence of the energy resolution. The plots of Dyl are distributed from 1.2% to
1.4% for a wide range of beam inteusity. Those of Dv2 are hetween 1.4% and 1.6%.

The relationship of energy outputs fromy Dyl and Dyv2 for the deposited energy in
LXe is shown it Fig. 10, The deposited energy in LXe was cstimated by subtracting
the calenlated energy loss at the Havar window from the measnred energy by TOF. The
nonlimearity of the amount of seintillation light in LXe for the incident energy is fairly
smaller than those in other organic and inorganic scintillators. Such linearity in LXe was
expected because the seintillation vields in LXe were almost constant i the linear energy

transfer (LET) region of 100 — 1000 MceV cm? /g 910

4.3 Relation of both resolutions to the nwmber of photons
The number of photons that wrive on a photocathode of each PMT is estimated Dy the
solid angles calculated along the track of the 2*Ne heam. The intriusic time resolution is

shown in Fig. 11 as a function of the number of photons (\N). whicli enter the window



of PMT. and a solid curve shown in the figure is fitted v a function of (u/ﬁ + 0.
where a and b are fitting parameters. The sanie tendency was observed for the energy
resolutions of Dyl and Dv2. and the results are shown in Fig. 12, 1t is obvious that
the mumber of photons determintes the intrinsic time resolution and the energy resohition.
This fact suggests that both resolutions will be improved by increasing the number of

mcident photons.

4.4 New design of LXe scintillation chamber for RI beamn experiments

In this experiment, the geometry of PMTs covered a small solid angle of 0.2% of 47, If
PMTs are mounted near the light source, the number of observed photons will inerease
and both the energy and tinie resolutions are expected to be improved.

Figure 13 shows the structural concept of a practical LXe scintillation chamber for RI
beam experiments. Eight PATs are mounted near the circumference of the heam window
and four PMTs are used at the back.

Based on an estimation of solid angles, the number of photous observed by one PMT at
the back will increase to sixfold. The estimation from the fitting curve in Fig. 11 shows
that the intrinsic time resolution will be improved up to 20 ps.

Furthermore. the total number of photons will increase to 50-fold more than that of
the chamber in this experiment. The fitting enrves in Fig. 12 indicate that the energy
resolution will be close to that of the noise level with an increase in the number of photons.
The electric noise was only 0.2% in this experiment. Although factors other than electric
noises may appear at such a high resolntion, an excellent energy resolution similar to that

of S1 detector 1s expected.

5. Conclusion

The response of scintillation in LXe to heavy-ion beams was tested with an 2°Ne beam
at an energy of 1354 MeV. The intrinsic time resolution was about 30 ps in sigma at a
heant intensity of up to 1.3x10% ¢cps. The energy response was stable at a heam intensity
of up to 2x10% eps, and energy resolution was 1.2% in sigma. A realistic design of a LXe
scintillation chamber for use as an energy spectrometer and a timing detector for heavy-

ion beams were also demonstrated, It was shown that hoth time and energy resolutions



will improve greatly.
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Figure captions

Fig. 1. A cross-sectional view of the LXe scintillation chamber.

Fig. 2. A cross-sectional view of the internal vessel. Two PMTs are mounted on the
onter vessel. sidle by side. Thev have no contact with the internal vessel. A diode-type
chamber was installed on the top in order to check the purity of LXe.

Fig. 3. The breeder circuit of PMTs for the LXe scintillation chamber. D1-D10: dynodes.
HV0: high-volrage supplv. HV1-HV3: hoosters for current supply, P.C: photocathode.
Dyl and Dyv2: signals from eacli dyvnode.

Fig. 4. A schematic drawing of the experimental setup.

Fig. 5. Typical time-difference spectrum between PMT A and PMT B for *Ne ions at
an energy of 2.5 GeV,

Fig. 6. The intrinsic time resolution as a function of heam intensity.

Fig. 7. (a): Tvpical energy spectrum obtained from Dyl for **Ne ions at an energy of
2.0 GeV. (b} Typical energy spectimn of Dy2 under the same condition as that in
(a}.

Fig. 8. The amplitude of the observed scintillation light as a function of beam intensity.
ADC channels were compressed to a quarter size. (A): sum signals of Dvls. (e}: sum
signals of Dv2s.

Fig. 9. The energy resolution as a fonction of beam iutensity. (A): DyvI{A+B), (e):
Dyv2{A+B)

Fig. 10. Relationship between the amplitude of the output signals and the deposited
energy in LXe. ADC channels were compressed to a quarter size. (A): DvI{A+B).

(o): Dy2(A+B)



Fig. 11. The intrinsic time resolution as a function of the number of photons. which
arrive on a photocathode of one PMT. The solid curve is fitted hy (a/v N +b). where
N s the nnumber of photons. aud @ and b are fitting parameters.

Fig. 12. Energy resolution as a function of the munber of photons. which arrive on a
photocathode of any PMTs. The solid curves are fitted by (a/\/T + b). where N 1s
the number of photons, and « and b are fitting parameters.

Fig. 13. Schematics of the newly designed LXe scintillation chamber. In this case. 12

PMTs are used.
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Fig. 5
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Fig. 6
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8.6 cm

Fig. 8
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8.6 cm

Fig. 11

Toshiyuki Kato

/

A

P 1 b1

IS0 VOO T T N T Y

| . |

|3 I

S |

| . |

<~
e~

> o
o W

[sd] uonnjosay sy I, disurnuy

o
T

ol
e

<
g

=
v—

1.0 x 10° 1.5 x 10°

0.5 x 10°

Number of Photons on PMT



S LINd U0 sSuojoyJ Jo Jaquny

OI x 0°€ 01 x 02 O x0T

wo g'g

<~

1 1 1 1 L 1 k 1 1 | 3 I 1 1 | I 1 1 T I 1 I

| IS Y |

| N |

//“/

AN

1 1

| S W

[(ew15) o4, ] uonnjosay As1duy

ojey MnAlyso |
rARCIE

ey



Fig. 13
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