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83Rb/%"Kr production and cross-section measurement with 3.4 MeV and 20 MeV proton beams
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83mKr, with a short lifetime, is an ideal calibration source for liquid xenon or liquid argon detectors. The
83mKr isomer can be generated through the decay of the 3*Rb isotope, which is usually produced by proton
beams bombarding natural krypton atoms. In this paper, we report a successful production of 3*Rb/**"Kr with a
proton beam energy of 3.4 MeV, and the first measurement of the production rate with such low-energy proton
beams. Another production attempt is performed using the newly available 20 MeV proton beam in China, and
the measured production rate is consistent with previous measurements. The produced 3*"Kr source has been
successfully injected into the PandaX-II liquid xenon detector, yielding enough statistics for detector calibration.
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I. INTRODUCTION

Dark matter searches in xenon detectors such as PandaX-
II [1,2] and its successors [3,4] rely on accurate event
reconstruction from scintillation (S1) and ionization (S2) sig-
nals generated by energy deposited in liquid xenon. Due
to detector geometric deformation and electric-field nonuni-
formity, the magnitudes of S1 and S2 signals have strong
position dependence, which degrades the event reconstruction
resolution and the discrimination between nuclear recoil and
electron recoil events [5]. Therefore, it is necessary to have
monoenergetic signals evenly distributed in the detector in
order to calibrate the detector response.

One such calibration source is the 8"Kr isomer, which is
gaseous and can be mixed with xenon uniformly. Its half-life
is only 1.83 h, so no specific removal procedure is required
after a calibration campaign. In addition, the energy of the
83mKr decays is small enough to calibrate noble-liquid de-
tectors for dark matter searches where the region of interest
is usually less than 100 keV [6-8]. 83mKr has been used
to calibrate tritium B-decay experiments [9], calorimeters in
the large electron-positron colliders [10] and the heavy-ion

“xiajk@sjtu.edu.cn; Now at ShanghaiTech University, Shanghai,
China.
"nzhou @sjtu.edu.cn

2469-9985/2022/105(1)/014604(7)

014604-1

detector of the ALICE experiment [11]. An experiment at
Yale University reported the first use of #*”Kr in liquid noble
element detectors for spatial and energy calibration [12,13].

Because ®¥"Kr is a short-living source, we resort to its
mother isotope #*Rb for source preparation, which has a rela-
tively long lifetime (77, = 86.2 days). The full decay scheme
of 83Rb according to NNDC shows that 74.385% of the 3*Rb
atoms decay into the ¥¥"Kr isomer [14]. The simplicity of
the decay mode mitigates potential side effects for detector
calibration.

83Rb is a synthetic radioisotope that can be produced by
proton beams bombarding natural krypton with peak produc-
tion rates at around 20 MeV proton energy. Due to limited
access to such a high-energy proton facility, we tested the
production with a lower-energy proton beam. In this paper, we
report a successful production of #*Rb/%"Kr with 3.4 MeV
proton beam at the China Institute of Atomic Energy, and
the first measurement of the yield of the "*Kr(p, xn) 3*Rb
reaction for proton energy below 5 MeV. The bombarding
chamber design and experiment setup are demonstrated in
Sec. II. The collection of ¥*Rb/®¥"Kr product and the mea-
surement of production rate are presented in Sec. III. Another
production test performed with a recently available 20 MeV
proton beam at the Institute of Modern Physics, Chinese
Academy of Sciences, is shown in Sec. IV. Finally, the injec-
tion test of #*Rb/**"Kr in the PandaX-II detector is described
in Sec. V.

©2022 American Physical Society
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FIG. 1. Design of "™XKr target cell.

II. PRODUCTION OF *Rb/%*"Kr SOURCE
WITH 3.4 MeV PROTONS

83Rb can be synthesized by the bombardment of krypton
with protons or bromine with « particles. Since a-particle
bombarding bromine yields more unexpected isotopes which
might contaminate our detector, the " Kr(p, xn) 8Rb process
is favored for our calibration purpose. The production rate de-
pends strongly on the energy of the proton beam. The optimal
energy is approximately 20 MeV, which can maximize the
83Rb production rate and minimize the unwanted 3*Rb and
86Rb that bring an extra risk of increasing background in the
gamma spectra [15].

Before we had access to the 20 MeV proton beam, the
China Institute of Atomic Energy provided proton beams
with energy approximately 3.4 MeV (NEC 1.7 MV Model
5SDH-2 Tandem Accelerator), which is slightly above the
theoretical energy threshold for the 33Kr(p, n) **Rb reaction
(Ep, = 1.7 MeV). 3Rb isotope (Tj,, = 18.6 d) is also ex-
pected during production because the 3Kr(p, n) 8°Rb reaction
has an energy threshold of 1.3 MeV.

In this work, two "™Kr target cells are prepared for bom-
bardment so that one can be used to study the outcome in
detail and the other can be supplied as a calibration source.
The cell design is shown in Fig. 1, and the details are described
as follows:

(D We use 20 um aluminum (Al) foil as the bombarding
window to separate the target gas and vacuum based
on the work in Ref. [16]. The window diameter is set
as 10 mm to prevent the foil from breaking due to
potentially too large a force on the edge. The Al foil
was tested to withstand a 1.5 bar differential pressure
across it.

(II) To measure the proton beam currents, the "Kr
chamber must be insulated from the upstream parts.

Therefore, we use polytetrafluoroethylene (PTFE)
gaskets instead of copper gaskets to seal the CF35
flanges. In addition, the bolts and the flanges are
wrapped by Kapton tape, and paper gaskets are put
between the stainless-steel bolts and the flanges.

(III) The energy deposited by protons on the foil can result
in a locally high-temperature environment. Accord-
ing to the stopping power of protons in Al provided
by PSTAR, a 3.4 MeV proton beam could deposit 0.4
MeV in 20 um Al [17]. Assuming a proton beam
with 2 mm radius and 10 @A current, the power de-
posit in the Al foil would be 4 W and the temperature
at the center of the Al foil would reach approximately
360 K if the heat dissipates only through conduction,
which is still far below the melting temperatures of
PTFE or Al

(IV) To determine the length of the target chamber, we
calculate the effective reaction length of the proton
beam in ™'Kr using the stopping power of protons
in krypton [17]. The estimated reaction length is ap-
proximately 5.2 cm. Hence the length of the target
chamber is chosen to be 10-15 cm.

(V) The beam may hit the stainless-steel wall of the "' Kr
chamber, producing unexpected radioactive isotopes.
Even though the Coulomb barrier of iron is larger
than the proton energy, we put an Al dump, which is
a 5-mm-thick pipe with a 5 cm end cap, in the ™ Kr
chamber to be conservative. The Al dump is wrapped
by Kapton tape for electrical insulation.

The two chambers were filled with 1 bar "*Kr. Two bom-
bardment tests were performed with stable operation on the
first chamber for 39 minutes and on the second one for
175 minutes. The average currents of the proton beam were
1.5 and 1.6 1A for the first and second bombardment, respec-
tively.

FIG. 2. Storage of the baked zeolite beads after absorbing rubid-
ium in the deionized water solution.
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TABLE I. Transfer efficiency for different parts and peaks.

Item Al window Al dump CF35-straight tube
8Rb (520) 657+04%  84.240.8% 92.3+0.1%
$Rb (530) 65.7+0.7% 84.7+1.0% 92.0+0.1%
8Rb (553) 647+11% 829+1.9% 91.1+0.3%
84Rb (882) 669+1.8% 78.7+4.4% 92.24+0.6%
8%Rb (1077) 67.8+12%  833+4.2% 92.54+0.4%
Average 66 £2% 83+ 6% 92+1%

III. PRODUCTION RATE MEASUREMENT
WITH 3.4 MeV PROTONS

After bombardment, we loosened the bolts of the target cell
before further processing to ensure that the rubidium was fully
oxidized and in the form of a chemical compound. To study
the distribution of 8*Rb production in the bombardment, the
first target cell was divided into three parts: the Al window
(including the foil and the flange), the Al dump, and the CF35-
straight tube. Each part was washed with 60—150 ml deionized
water separately and 2 g zeolite beads (Merck 2 mm diameter,
0.5 nm molecular sieve) were put into the solution to absorb
rubidium in the solution. The solution with beads were heated
in a water bath gently at 70-80 °C until dried. Then the beads
were baked at 300 °C under pumping for further degassing
before being stored in sealed plastic bags (Fig. 2).

We obtained the efficiency of the rubidium transfer by
comparing the radioactivity of each part before and af-
ter washing, which are 66 £ 2% for the Al window, 83 +
6% for the Al dump, 92 £ 1% for the CF35-straight tube
(Table I).

After being degassed, the zeolite samples were measured
by a germanium (Ge) detector at Shanghai Jiao Tong Uni-
versity. The spectra of the samples are shown in Fig. 3 and
compared with the GEANT4 Monte Carlo simulation. The ra-
dioactivity of each sample is summarized in Table II. The
systematic uncertainty is dominated by the simulation of ge-
ometric detection in the Ge detector, which is 60% for each

TABLE II. Radioactivity of the three zeolite samples measured
from the Ge detector (only statistical uncertainties applied in this
table).

CF35-straight

Isotope Al window (Bq) Al dump (Bq) tube (Bq)
Time after

bombarding 40 days 28 days 41 days
8Rb 534427 9.54+04 14.74+0.6
$4Rb 3.68+0.14 1.354+0.06 0.95+0.05
%Rb 62.6+1.7 15240.6 15.34+0.6

simulation. A detailed discussion is presented in Sec. IV. The
geometric effect may be mitigated if the objects measured
are moved farther away above the Ge detector, or if more
effort was taken to model the geometric distribution of ac-
tivity in the zeolite beads. However, our sources produced
with 3.4 MeV protons are so weak that the detection effi-
ciency is a more important consideration, and, in any case,
we did not need to measure the activity to better than the as-
sumed 60% uncertainty. Compared with the geometric effect,
the statistical uncertainty (generally 5%) and the uncertainty
due to rubidium not plating on the surface of the cell are
negligible.

From the measured zeolite radioactivity and rubidium
transfer efficiency, the relative rubidium distribution in the
cell (Window: Al dump: CF35-straight tube) is estimated
to be 100: (13 £ 11): 20+ 17) for 3*Rb, 100: (23 £ 20):
(19 + 16) for 3Rb, and 100: (12 £ 10): (18 & 15) for 3°Rb,
respectively (the decays of the isotopes have been consid-
ered). The distribution indicates that the rubidium is mainly
produced near the Al window, which is expected because the
proton energy is slightly above the threshold of the nuclear
reactions and a proton should lose all its energy in approxi-
mately 5 cm.

To determine the total radioactivity generated in the bom-
bardment, the measured radioactivity of each zeolite sample
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FIG. 3. Comparison between the simulation and the measurement for different zeolite bead samples. Sample 1, sample 2, and sample 3
absorb rubidium from the Al window, the Al dump pipe, and the CF35-straight tube, respectively. The mismatch of the Compton continuum
in sample 1 measurement is likely due to the inaccurate modeling of the sample geometry in the simulation (see Sec. IV for details).
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TABLE III. Total generated radioactivities and thick-target
yields for the production of rubidium isotopes with the 3 MeV
protons bombarding "Kr as determined by the spectra of zeolite
samples and Al window before washing. See context for more
details.

Zeolite Al window Average Thick-target
Isotope Bq) (Bq) (Bq) yield (MBq/C)
$Rb 149 £+ 89 136 £ 81 142 £ 60 0.041£0.017
8Rb 18+11 15+9 16+7 0.005 £ 0.002
$Rb 546 +£328 556£336 5514234 0.16 £0.07

in Table II is summed and corrected for the half-lives and
the transfer efficiencies. The total radioactivity generated in
one target cell is 149 + 89 Bq for **Rb, 18 4 11 Bq for
84Rb, and 546 + 328 Bq for %6Rb. Given the dominance of
the Al window in the Rb distribution and relatively simple
geometry, we can estimate the total radioactivity directly from
the Al window before washing. In the simulation, the Al
window is put at the center of the Ge detector, and we assume
that the rubidium is uniformly distributed on one side of
the Al foil facing to the detector. The results are then fur-
ther scaled according to the distribution of rubidium among
different parts. Table III summarizes the two independent
measurements, which are consistent with each other. The av-
erage of these two measurements with a reduced uncertainty
is taken to calculate the thick-target yield. Considering the
charge of the proton used is 3.5x10~* C, we obtain the thick-
target yields for the production of rubidium isotopes by the
3 MeV (effective energy after losing energy in the Al foil)
protons bombarding "'Kr, as shown in Table III.

Our result of 3Rb and *Rb production is converted to
thin-target yields by dividing the thick-target yields by the
energy window above the known reaction energy thresholds,
and compared with a phenomenological extrapolation from
the measured high-energy yields [18-20], as shown in Fig. 4.
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According to Landau’s theory, the cross section near the reac-
tion threshold is proportional to the velocity of the proton [21].
However, the high-energy yields do not fit this simple theo-
retical model. The extrapolation function is chosen as some
power of the velocity with the power being a free parameter
to be fitted.

In the production, we observed a small amount of 84Rb
unexpectedly. The protons are accelerated with a tandem
pelletron (1.7 MV, Model 5SDH, National Electrostatics
Corp.) [22], the highest energy of incoming protons is lim-
ited to 3.4 MeV with an uncertainty of 1 keV, which is
below the theoretical threshold of 3.46 MeV [18,23] of the
8Kr(p, n)3*Rb reaction. Theoretically, the 3*Kr(p, n)**Rb
reaction is unlikely to happen in this bombardment.

IV. PRODUCTION WITH 20 MeV PROTONS

Recently, a new proton facility, the Chinese ADS Front
End demo linac (CAFE), was built at the Institute of Modern
Physics, Chinese Academy of Sciences, with energy up to
25 MeV [24,25]. As one of the first users, we conducted
another test with the 20 MeV proton beam bombarding
1.1 bar "Kcr. The total exposure to the protons was 9.7 uAh
(0.035 C).

We preserved the previous design of the target cell and
added extra water cooling for the 20 MeV proton bombard-
ment. In this test, the main concern is the heat loads on the
target cell instead of the Al window, because each proton de-
posits only 0.11 MeV in the Al foil according to the stopping
power on PSTAR [17]. To stop the 20 MeV protons with 1 ©A
average currents, the heat gain on the back of the target cell is
20 W. The Al dump is cooled by room-temperature water with
a flux up to 400 cm?/s.

Multiple 3*Rb/®¥"Kr sources from several kilo to mega
Becquerel were obtained in the processing procedure. The Al
window and the target chamber were washed by deionized
water separately (the chamber was washed three times). The
radioactivity ratio of the final zeolite samples is 1st: 2nd:

)
—
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FIG. 4. Thin-target yield comparison between this work and extensions from previous works (“total” means taking all the previous data
into account) for 33Rb (left) and ®Rb (right) [18-20]. The energy threshold Ey, is 1.7 MeV for the **Kr(p, n) ¥*Rb reaction and 1.3 MeV for

the ¥Kr(p, n) **Rb reaction.
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FIG. 5. Comparison of the (a) "Kr(p, xn) ¥*Rb, (b) "‘Kr(p, xn) **Rb, and (c) "*Kr(p, xn) **Rb cross sections at 20 MeV between this

work and previous measurements [18-20].

3rd: window = 1:0.050:0.0032:0.052. The transferring effi-
ciency of the main target chamber in one wash was determined
to be 90%, as before. The strongest $*Rb/33"'Kr source ob-
tained is approximately 10 MBq.

The cross section o of " Kr(p, xn) 3*Rb, "Kr(p, xn) ¥*Rb,
and "'Kr(p, xn) %°Rb at 20 MeV measured by the Ge detector
is consistent with the previous measurements, as shown in
Fig. 5. The initial proton energy calculated with the time of
incident protons flying through a 2.47 m vacuum chamber
is 20.37 £ 0.03 MeV. According to the stopping power on
PSTAR, in the 25 cm target cell filled with 1.1 bar krypton
gas, the proton energy loss is 1.4 MeV [17]. This energy loss
dominates the energy spread in Fig. 5. We validate the system-
atic uncertainties by measuring the detecting efficiency of a
millimeter-scale source. Compared with the rubidium sources,
the cylindrical-shaped calibration source with a 3 mm radius
and 6 mm height is small enough to be regarded as a point
source. The typical size difference among the ¥*Rb/%¥Kr
sources is 3 cm. According to the measurements with the
calibration source, a 3 cm horizontal deviation to the surface
center reduces the detecting efficiency to 60% and a 3 cm ver-
tical deviation to 40%. Therefore, the systematic uncertainties
are set to 60% in Fig. 5.

V. INJECTION OF ¥"Kr IN PANDAX-II DETECTOR

We used 1 g zeolite carrying 30 Bq (60% uncertainty)
83Rb for the detector injection test. To stop zeolite from es-
caping the source chamber, we put a 0.2 um membrane filter

TABLE IV. Decay channels of the *"Kr isotope [10].

Transition energy Decay mode Branching ratio

32.1keV e(30keV) 4+ e(2 keV) 76%
e(18keV) + e(10 keV) 4 2e(2 keV) 9%
e(18keV) + X (12 keV) + 2¢(2 keV) 15%

9.4 keV e(7.6keV) 4 e(1.8keV) 95%
14 5%

(Merck, FGLP01300), which has an upper limit of rubidium
leakage as 1.3x107'9% per hour (2.4 uBq/h for a 1.8 MBq
83Rb/83"Kr source) [7]. The chamber with zeolite filled was
first pumped separately for 60 h at 80 °C to reach a vacuum
of 5.8 x 107 Pa, then 20 L of xenon gas was injected into
the chamber to mix with #”Kr. The mixed gas was circulated
and purified by a getter (PS4-MT50-R-2) for 24 h. The source
chamber was then connected to the PandaX-II detector for
12 h.

The decay from 83" Kr to the ground state is mainly through
internal-conversion electrons (t = 1.83 h). The direct decay
mode from 41.5 keV to the ground state is suppressed due
to the spin difference. Instead, the decay occurs in two tran-
sitions of 32.1 and 9.4 keV, respectively, with an intervening
half-life of 154 ns, as shown in Table IV [10]. If the detector
responds quickly enough, we should be able to see the two
transitions (32.1 and 9.4 keV). However, the deexcitation of
the Xe3 has a lifetime of 35 ns at 40 keV [26], and the

& 200001 - .
% - ]
15000 P
E {150
10000
L 100
50001 50

FIG. 6. S2 vs Sl by applying the data chain for the WIMP
search runs and the color bar represents the counting.
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FIG. 7. (a) The waveform with the two S1s separated. (b) The waveform with the two S1s mixed.

electronics limit the width of the pulse to the level of 100 ns.
Hence only part of the scintillation signals (S1s) of the two
peaks can be separated. For the ionization signals (S2s), the
time resolution of our detector is limited to several microsec-
onds, which makes it almost impossible to separate the two
transitions. We did not see any event with two separate S2s in
the 5% 10° 33"Kr events collected.

Figure 6 shows the response of 8¥Kr in the PandaX-II
detector after the data process chain used in Refs. [27,28],
where we can see two S1 peaks from 8Kr with one S2
peak. The S1 waveform with the two transitions separated
or mixed is shown in Fig. 7. The time interval of the two
Sls, if well separated, could be used to fit the half-life of
the first-excited state of 3*”Kr, as shown in Fig. 8(a). From
fitting the tail with Ar larger than 120 ns, we obtain a half-life
of 154.5 &+ 0.6 ns, which is consistent with the theoretical
value.

Figure 8(b) shows the reconstructed energy spectrum with
the sum of two sequential S1s and one S2, which agrees with
the 83Kr characteristic energy peak. The energy resolution
for 8" Kr is 8.0%, the mean of the peak Ej is 40.8 keV. The

2 E T
2 F Fitting x*/ndf: 189/71 E
010° Constant: (1.073 £ 0.007)x10"
F Half life: (154.5 £ 0.6) ns E
10°F E
F —— S1 mixed events ]
104 Em, S1 seperated events -

All events

10° .
10
Ny ]

10 ﬁ?ﬁﬂﬁ E
¥

i 1 | *

0 500 1000 1500

At between two S1(ns)

(a)

fitted mean value is smaller than that provided by NNDC
(41.5 keV), partly due to the baseline suppression threshold
of the PandaX-II data-acquiring system. Meanwhile, the de-
tector response model could be further tuned according to this
calibration data [1].

VI. CONCLUSIONS

We report a successful production of *Rb /8"Kr with
3.4 MeV proton beam provided by the China Institute of
Atomic Energy. The production rate is measured to be
0.041 £ 0.017 MBq/C for the ¥*Kr(p, n) ¥*Rb process, which
is the first experimental data reported for such low-energy
proton beams in the world. Another production attempt was
performed with the recently available 20 MeV proton beam
at the Institute of Modern Physics, Chinese Academy of Sci-
ences, which was one of the first applications on this proton
facility. The produced Kr source has been successfully
injected into the PandaX-II liquid xenon detector and yielded
enough statistics for detector calibration.

E15000- -
O i — Data i
i —Fitting |
10000 -
5000/ -
o—— : ‘ —

0 20 40 60 80 100
E (keV)

(b)

FIG. 8. (a) The fit of the half-life for the first-excited state of 3*"Kr. (b) The energy spectrum of #*"Kr with background subtracted.
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