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Lifetimes of nuclear states are critical for understanding nuclear structure and astrophysical
modeling. The Particle X-ray Coincidence Technique (PXCT) was originally developed to measure
the average lifetimes in the 1077 — 107'% s range for proton-unbound states populated by electron
capture (EC). We have designed and built a detection system at the Facility for Rare Isotope
Beams (FRIB) that utilizes and extends PXCT to measure the lifetimes and decay branching ratios
of discrete resonances populated by EC/B" decay. The performance of the PXCT system has been
thoroughly tested using radioactive sources and is ready for decay experiments in the stopped-
beam area of FRIB. For its first planned experiment, this setup will employ *°Ga EC/B" decay to
investigate the competition between the **Cu(p,v)*°Zn and 5 Cu(p, a)*°Ni reactions that determines
the strength of the NiCu cycle, which is predicted to have significant impacts on the modeling of
X-ray burst light curves and the composition of the burst ashes.

I. INTRODUCTION

Type I X-ray bursts (XRBs) are the most frequent type
of thermonuclear stellar explosions in the Galaxy. They
are powered by thermonuclear runaways in hydrogen-
and/or helium-rich material accreted onto the surface of
a neutron star in a low-mass X-ray binary system. The
main nuclear reaction flow in the XRB is driven toward
the proton drip-line and to high masses via the triple-a
reaction, a sequence of («,p) and (p,v) reactions (ap-
process), and a series of (p,v) reactions and ST-decays
(rp-process). Accurate nuclear physics inputs such as
decay rates, masses, and nuclear reaction rates of proton-
rich rare isotopes along the path of the ap- and the rp-
processes are needed to model the energy production and
nucleosynthesis in XRBs. Our understanding of XRBs
has greatly expanded while they still hold many open
questions despite decades of work [1-3].

As indicated in Fig. 1, under XRB conditions, the rp-
process beyond °6Ni may be affected by several cycles.
A low %9Cu(p,~)%°Zn rate or a high **Cu(p, a)°°Ni rate
leads to the formation of a stronger NiCu cycle that
returns the reaction flux to ®Ni, which would strongly
impede the synthesis of heavier nuclei and also affects
the XRB observables [4]. The strength of the NiCu cycle
is determined by the ratio of the (p, a) to (p,~) reaction
rates at ®*Cu. Currently, both rates recommended by
REACLIB [5] are calculated by the Hauser-Feshbach
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statistical model [6]. The variations in these rates
have been identified as having a significant impact on
the modeling of XRB light curves and the composition
of the burst ashes [7—9]. The competition between
Cu(p,v)%Zn and %?Cu(p,a)’®Ni reactions at higher
temperatures (~3 GK) is found to have a significant
impact on the vp-process nucleosynthesis in core-collapse
supernovae [10, 11]

It is not currently possible to measure these two
reactions directly because the predicted cross sections
at astrophysical energies are too small, and intense
low-energy radioactive ®*Cu beams are not available.
A direct measurement of the %?Cu(p,a)’®Ni reaction
using a °?Cu beam with an intensity of 3600 particle
per second (pps) and a cryogenic solid Ho target at
center-of-mass energy FE.., = 6.0 MeV found that
% Cu(p, ) proceeds predominantly to **Ni ground state,
and standard statistical model calculations overestimate
the cross section by a factor of 1.6—4 [12]. In
a 98Ni(*He,n)%Zn reaction measurement [13], the
nuclear level density of %°Zn was extracted from the
neutron evaporation spectrum. At excitation energies
of E, =5—6 MeV, the level density is estimated to
be only ~18 MeV~!. The level density of %°Zn
resonances within the Gamow window may not be
sufficiently high to justify a statistical treatment. Kim
et al. [14] evaluated available experimental data on %°Zn
resonances, supplemented with theoretical calculations.
They found the *?Cu(p, @)°Ni reaction rate to be lower
than the REACLIB rate [5] at XRB temperatures,
implying a weaker NiCu cycle strength than previously
estimated [7-9].

There are several ongoing efforts to address this
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FIG. 1. Portion of the rp-process reaction sequence featuring
the NiCu cycle and ZnGa cycle. *Ni and ®°Ni are stable.

problem, such as direct measuring the 3SNi(c,p)??Cu
reaction using a °°Ni beam of 3000 pps on a He jet
target [15], populating relevant %°Zn resonances via
the ®°Cu(d,n)®°Zn transfer reaction [16] and studying
60Ga decay through total absorption spectroscopy [17].
We also plan to discover resonances in °Zn via °Ga
decay using the Gaseous Detector with Germanium
Tagging [18]. To this day, experimental constraints on
the *?Cu(p,7)®°Zn and ®°Cu(p,«)?Ni are still scarce
and limit a robust understanding of their astrophysical
impacts.

For *Cu + p resonant capture through narrow
resonances, the resonant capture reaction rate can be
calculated using the well-known relation [19],
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where yp = A,Ar/(A, + Ar) is the reduced mass in
atomic mass units, with 4, = 1 and Ay = 59 as the
mass numbers of proton and 59Cu, respectively. E,. is the
resonance energy in the center-of-mass system in units of
MeV. Ty is the temperature in units of giga kelvin (GK),
and w7 is the resonance strength in units of MeV. For
the 59Cu(p,v)%°Zn resonance:
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where J,. is the spin of the resonance, J, = 1/2 is

the spin of proton, and Jr = 3/27 is the spin of the

ground state of **Cu. The total decay width 'y, of the
resonance is the sum of the partial decay widths, which
include proton width (I',), v width (T'y), and o width
(T'y) for the resonances relevant to XRBs. Equivalently,
the resonance strength can be constructed by combining
the proton branching ratio B, = TI',/To, the v-ray
branching ratio B, = I';/T'iot, and the lifetime 7 using
the following expression:
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where £ is the reduced Planck constant. This relation
is also applicable to the 59Cu(p, a)%*Ni resonance by
replacing the v terms with « terms (J, = 0). Therefore,
the essential nuclear physics inputs include the resonance
energies, the spins and parity, the proton, v-ray, and
a-decay branching ratios, and the lifetimes of the °Zn
resonances.

The Gamow energies and windows for the
MCu(p,v)%Zn and 59Cu(p,«)’*Ni reactions shown
in Table I are calculated from a numerical study of
the relevant energy ranges for astrophysical reaction
rates [20]. Combined with the proton-separation energy
of ®Zn S, (%°Zn) = 5105.0(4) keV [21] and a-separation
energy of ®0Zn S,(°°Zn) = 2691.7(5) keV [21],
the excitation energies for ©%°Zn resonances of
interest are up to 9.3 MeV, which are energetically
accessible in the 3 decay of ®°Ga owing to the large
Qrc(%°Ca) = 14161(15) keV [22, 23].

Table IT summarizes the spins and parities of relevant
607Zn resonances. It is evident that only positive parity
states associated with ¢ = 1 proton captures are
accessible via allowed °Ga /3 transitions, also indicating
that we will deal with an even lower level density in the
B decay study than that the previous 5®Ni(®He,n)%Zn
reaction measurement [13].

Fig. 2 summarizes currently known 9°Ga decay
properties. %°Ga is observed to decay by Ap with an
intensity of I, = 1.6(7)% and possibly by Sa with I, <
0.023(20)% [27]. When combined with the S-feeding
intensities derived from the [v-ray intensities reported
by Refs. [22, 27], it is notable that approximately 26% of
[-feeding intensities remain unaccounted for.

To narrow down the important resonances populated
in the B-decay of %°Ga, we performed shell-model
calculations in the full fp-shell model space with the
GPFX1A Hamiltonian [33] using the NuShellX@MSU
code [34]. The newly-evaluated °Ga Qpc =
14161(15) keV was incorporated into the calculation. We
obtained the excitation energies and [S-feedings for 400
positive parity %°Zn states up to E, = 10 MeV. We
calculated the resonant capture °°Cu(p,~)%Zn reaction
rate. As shown in Table III, the resonant capture
contributions from four resonances are found to dominate
the total rate over a certain temperature range. A
quenching factor ¢> = 0.6 for the matrix elements
of the Gamow-Teller operator was used to calculate



TABLE I. Gamow windows En; — A < E < Ey; and Gamow peaks Ey for the % Cu(p,v)%°Zn and **Cu(p, a)*°Ni reactions at
a temperature 7T'.

**Cu(p,7)*°Zn *Cu(p, o) Ni

T (GK) Ehi — A (MeV) Eo (MeV) Ehi (MGV) Ehi — A (MeV) E() (MeV) Ehi (MeV)
0.5 0.51 0.71 0.92 0.55 0.74 0.98
1.0 0.67 0.91 1.26 0.73 1.01 1.48
1.5 0.75 1.01 1.57 0.87 1.27 2.11
2.0 0.82 1.14 1.83 1.01 1.74 2.80
2.5 0.85 1.40 2.05 1.24 2.19 3.52
3.0 0.89 1.49 2.26 1.51 2.66 4.16

TABLE II. Properties of ®°Zn states populated via proton
captures on the 3/27 5°Cu ground state and the 1/27 %9Cu
first excited state, and the allowed f transitions of the 2%
50Ga ground state.

Population 607n states
£=0pon 3/2~ 17,27
£=1pon3/2” ot, 1, 2%, 3+
{=2pon3/2” 07,17,27,3,4
{=0ponl1l/2™ 0,1~
{=1ponl/2~ 0t, 1%, 2%
{=2ponl/2” 17,27,37

§ transition from 2% 1, 2%, 3+

TABLE III. Properties of the dominant resonances in the
59Cu(p,’y)ﬁOZn reaction predicted by shell model. The values
in the first through seventh columns represent the dominant
temperature region, the spin and parity (J™), the excitation
energy (E™), the resonance energy (E.), the log ft value for
%0Ga decay, the fB-feeding intensity (Ig), and the ratio of
EC/B+ feeding [35] for each resonance populated by °Ca
decay.

T (GK) J™ E* (keV) E, (keV) log ft Is; (%) Rpc/ss

0.10—0.15 37T 5362 257 6.668 0.03 0.0015
0.15—0.45 1* 5568 463 4.707 2.53 0.0016
0.45—0.70 2% 5648 543 6.091 0.10 0.0017
0.70 — 7.50 2% 6079 974 5.505 0.29 0.0020

the S-feeding intensities in the °Ga decay. If certain
key resonances can be constrained, we may be able to
establish a lower limit for the 59Cu(p,~)%°Zn reaction
rate. A strong lower limit on the 59Cu(p,v)%°Zn rate
would indicate very weak NiCu cycling and potentially
solve the astrophysical problem.
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FIG. 2. Known decay scheme of %°Ga. All energies are given in units of keV. The mass excesses, Qrc values, and particle
separation energies of *Ni, 5°Cu, and %°Zn are from AME2020 [21], while for ®°Ga, these data are evaluated based on
Refs. [22, 23]. The half-lives of °Ni, *?Cu, and ®°Zn are from evaluations [24-26], respectively. The half-life of °Ga is
evaluated based on Refs. [22, 27-29]. All spins and parities are adopted from evaluations [24-26], with the 4852-keV state in
597n revised from (2%) to 27 based on the unambiguous 7' = 1 isobaric analog state argument [22, 27]. The y-ray energies,
excitation energies, and 3 feedings of ®*Zn states are evaluated [30] based on all available measurements [22, 27, 31, 32]. The
proton spectrum is extracted from only Sp measurement [27]. The two dashed lines represent the first excited states of 56Ni
and ®°Cu, respectively, which have not been observed in ®°*Ga decay. The double-headed arrows denote the Gamow windows

for the %9Cu(p,v)®°Zn and 5*Cu(p, )*°Ni reactions, respectively (Table I).



II. PARTICLE X-RAY COINCIDENCE
TECHNIQUE

In the 1970s, the Particle X-ray Coincidence Technique
(PXCT) was introduced and applied to measure the
average lifetimes of proton-unbound states in %9As
populated by the electron capture (EC) of ®Se [36]. The
principle of the method is illustrated in Fig. 3. In the
process of an EC-delayed proton emission, a proton-rich
precursor with an atomic number of Z decays by K-EC
to the proton emitter (Z — 1). Due to the EC, a proton
unbound nuclear state and an atomic shell vacancy are
created simultaneously. An electron in a higher-lying
atomic shell fills the vacancy with typical lifetimes of
Tikshel = 0.01 to 1.0 fs and emits the characteristic
X ray. Meanwhile, the proton-unbound state with a
comparable lifetime 7,_cmit emits a proton to a state of
the daughter (Z — 2). If the proton is emitted before the
X-ray emission, then the X-ray energy will correspond
to the atomic number of the daughter (Z — 2). If the
proton is emitted after the X-ray emission, then the X-
ray energy will be characteristic of the atomic number of
the proton emitter (Z — 1). By measuring the spectrum
of X rays in coincidence with protons and counting
the relative intensities of the (Z — 1) and (Z — 2) X-
ray peaks Ixx(z—1)/Ixx(z—2), the lifetimes of proton-
emitting states can be related to the lifetimes of the
emitter K-shell vacancies by the relation:
Ak x(z-1

Tp—emit _ FKshell

(4)

Tishell  Lp—emit  Ikx(z-2)
where the decay width T'gehen and I'p_emit is the
equivalent of 7/Txghen and A/Tp_emit, respectively, as
they both follow the exponential decay law. Because
the K-shell vacancy lifetimes are well known both
experimentally and theoretically, ranging from 7 =
2 x 107*° s for carbon down to 7 ~ 6 x 107! s for
uranium [37, 38], lifetimes of proton-emitting states can
be determined by measuring X-ray peak ratios. The
preceding discussion is also generalizable to EC-delayed
a-particle emission.

So far, the PXCT has been applied in six decay
measurements, as summarized in Table IV. In all these
cases, only the average sub-fs lifetimes of proton-unbound
states populated by EC were obtained. Individual
proton-emitting states could not be distinguished due to
the high level density. Additionally, the applicability of
this technique has not been explored in an astrophysical
context.  We have designed and built a detection
system to extend the PXCT to measure both the
lifetimes and branching ratios of individual resonances
that are important for modeling explosive astrophysical
scenarios. High-resolution measurements of protons and
photons would further enhance the PXCT by enabling
the selection of the initial proton-emitting states and
the excited final states. Instead of using separate
measurements for different nuclear inputs, applying the
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FIG. 3. Schematic illustrating the Particle-X-ray
Coincidence Technique. See text for details.

PXCT on %9Ga EC offers the unique advantage of
obtaining all quantities in one experiment.

The standard approach when using a Hauser-Feshbach
statistical model is to include a number of discrete excited
states when experimentally known [45]. Even if the level
density selected by § decay is still too high to distinguish
discrete resonances, we can derive the particle and ~-
transmission coeflicients and the level density of excited
states, which are essential ingredients to calculate the
reaction rates within the statistical model [6].



TABLE IV. Properties of all nuclei that have been measured
with PXCT. Columns 1-5 list the EC/S"-decay precursors,
the half-lives (77 /2), the 8-decay energies (Qrc), the proton-
separation energies of the EC/S'-decay daughters (Sp),
and the total intensities of EC/BT-delayed protons (Ip),
respectively.

Precursor Tj,9 (s) Qrc (keV) Sy (keV) I, (%) Literature
65Ge  30.9(5) 6179.3(23) 3942.4(6) 0.011(3) [39]
698e  27.4(2) 6680(30) 3420(30) 0.045(10) [39, 40]
TKr o 27.3(10)  7094(9)  3067(7)  0.25(3) [39, 41, 42]
77Sr 9.0(2)  7027(8)  3106(4) 0.08(3) [39]
H3Xe  2.74(8) 8916(11)  841(12) 7(4) [43]
H7Ba  1.75(7) 9040(260) 740(60)  16(3) [44]

III. EXPERIMENTAL SETUP
A. Beam delivery

The Facility for Rare Isotope Beams (FRIB) linear
accelerator [46] will accelerate Ge or "Kr to
256 MeV/u with a beam power up to 400 kW. The
reaction products from °Ge or "®Kr impinging on a
rotating carbon target will be separated by the Advanced
Rare Isotope Separator [47]. A cocktail fast beam
containing %°Ga and some nearby isotones will be slowed
down in metal degraders with momentum compression
and thermalized in gas stoppers filled with helium [48,
49]. The thermalized °°Ga ions will drift towards a
nozzle and exit into a radio-frequency quadrupole ion-
guide system. The ions will be guided and accelerated
to 30 keV through a combination of radio-frequency and
direct-current fields before being delivered to the stopped
beam area [50]. The intensity of the °°Ga stopped beam
is estimated to be up to 9 x 10% pps.

As shown in Fig. 4, we have designed and built a PXCT
detection system that will be used in the stopped beam
area. The beam will first be tuned into a Faraday cup at
the center of the vacuum chamber. After maximizing the
beam current, we will vent the chamber and replace the
Faraday cup with an aluminized Mylar foil tilted at a 45°
angle with respect to the beam direction. Thermalized
beams can be fully stopped by a thin collection foil,
thereby reducing the attenuation of photons and charged
particles as compared to using fast beams. The
detection system comprises a silicon detector telescope
for charged-particle detection via energy-loss and residual
energy (AE-E), a planar germanium detector for X-
ray detection, and two large-volume coaxial germanium
detectors for ~-ray detection. A Faraday cup will be
placed at the target position during the beam tuning.
The detection setup can provide characteristic charged
particles and ~y rays from decay that will aid online beam
identification.

B. Detectors

For the AFE-FE charged-particle telescope, we selected
two single-sided, single-area circular Si detectors
manufactured by Micron Semiconductor Ltd. The active
area of MSD12 is 12 ym thick and 12 mm in diameter [51],
and MSD26 is 1000 pm thick and 26 mm in diameter [52].
The junction side of both MSDs features a 50-nm
thick boron-doped silicon dead layer and a 30-pum wide
peripheral metal band for wire bonding, leaving the
majority of the active area without metal coverage. The
Ohmic side of MSD12 has a thicker dead layer of 300 nm
with no metal coverage. The Ohmic side of MSD26 has
little impact on charged-particle signals, and thus, we
opt for the standard 500-nm thick dead layer and 300-
nm thick aluminum coverage. Both silicon chips are
assembled onto an FR4 printed circuit board. MSD26
is positioned 15.7 mm from the target center and covers
11.5% of the 47 solid angle. MSD12 is 11.2 mm from the
target center and defines the solid angle coverage of the
AE-FE telescope at 5.9% of 4.

For X-ray detection, we selected a Low Energy
Germanium detector (LEGe), Mirion GL0510 [53]. The
LEGe detector consists of a Ge crystal with a diameter
of 25.0 mm and a length of 10.5 mm. LEGe is housed
in a flanged-style cryostat with a diameter of 38.1 mm
and a 0.13-mm thick beryllium entrance window. The
endcap is inserted into the vacuum chamber with its
entrance window only 11.0 mm from the target center.
The Ge crystal is positioned 5.6 mm from the entrance
window, subtending 10.1% of the 47 solid angle. LEGe is
fabricated with a thin p™ contact on the front and side,
and a rear n* contact that covers less than the full area,
resulting in lower capacitance than a similar-sized planar
device. Since preamplifier noise is a function of detector
capacitance, the low capacitance feature makes LEGe
ideally suited for X-ray spectroscopy down to 3 keV.

For ~-ray detection, we selected two Extended
Range Coaxial Germanium Detectors (XtRa), Mirion
GX10020 [54]. The active volume of XtRal has a
diameter of 84.8 mm and a thickness of 65.2 mm, while
XtRa2 has a diameter of 79.8 mm and a thickness of
80.0 mm. The Ge crystals are positioned 6.8 and 6.3 mm,
respectively, from the 0.6-mm-thick carbon composite
windows. XtRa detectors feature a thin window contact
on the front surface and a nT contact on the side,
providing a good low-energy response.

All three Ge detectors are equipped with the
Cryo-Pulse 5 Plus (CP5-Plus) electrically refrigerated
cryostat [55]. The detector housing is connected to a
compact cold-head assembly containing a 5-watt pulse
tube cooler. The assembly is powered by a bench-
top controller, allowing for remote monitoring and safe
operation of the cryostat.



FIG. 4. Mechanical design drawing and photograph of the PXCT detection system. The insets highlight two configurations for
the detectors inside the central chamber: a Faraday cup with a collimator for beam tuning or a collection foil and Si detectors
for decay measurements.



C. Electronics

All three Ge detectors are equipped with the Intelligent
Preamplifiers (iPA) [57], which incorporate a low-noise
field-effect transistor (FET) input circuit optimized for
the ultra-high source impedance of Ge detectors. The
first stage of the iPA functions as an integrator and an
electrometer, providing an output voltage proportional
to the accumulated charge and measuring the leakage
current. The second stage of the iPA acts as an output
buffer and provides four gains. The iPA also enables
remote monitoring of detector current, temperatures,
and preamplifier operating voltages. In the event that
the temperature exceeds the normal operating range,
the warm-up sensors trigger a high-voltage inhibit signal
from the preamplifier and the controller, respectively,
thereby protecting the Ge crystals.

Two ORTEC 660 Dual Bias Supply modules [58] are
used to provide bias voltages to the three Ge detectors.
We apply a negative bias to the pT™ contacts of LEGe
and a positive bias to the n* contacts of XtRa. LEGe
becomes fully depleted at —600 V and is recommended
to be operated at —1100 V. XtRal and XtRa2 become
fully depleted at a bias voltage of +4000 V and +2200 V,
respectively, and both operate at +4500 V. ORTEC 660
includes a remote bias shutdown feature to protect the
preamplifier FET against damage in the instance of
accidental warm-up of the Ge detector. The typical
leakage currents of the two XtRa detectors are below
20 pA and below 100 pA for LEGe. A Mesytec
MHYV 4-channel bias supply module with remote control
features provides the bias voltages to the two MSD Si
detectors. We apply a negative bias to the p™ contacts
of both MSD detectors through MPR-1 charge-sensitive
preamplifiers [59] and the nt contacts are grounded.
MSD12 has a depletion voltage of —1.5 V and is operated
at —3.0 V, and MSD26 has a —90 V depletion voltage
and is operated at —130 V. MHYV offers a ramp speed as
low as 5 V/s to protect the circuits of preamplifiers [60].
MSD26 has a leakage current of approximately 60 nA,
whereas MSD12 maintains a leakage current below 1 nA.
All the preamplifiers are powered by two Mesytec MNV-4
NIM power distribution and control modules [61].

D. Data acquisition

All the preamplifier signals are transmitted via double-
shielded RG316 coaxial cables of equal length and
then digitized by a 16-bit, 250 MHz Pixie-16 module
manufactured by XIA LLC [62]. The input impedance of
each channel in Pixie-16 is configured to be 1 k2. The
Digital Data Acquisition System (DDAS) is used [63, 64]
for recording and processing data. Trapezoidal filtering
algorithms are implemented in both the slow filter for
pulse amplitude measurement and the fast filter for
leading-edge triggering. Each event is timestamped using
a Constant Fraction Discriminator (CFD) algorithm

based on the trigger filter response. The system operates
in an internally triggered mode: recording data on
a channel-by-channel basis whenever the trigger filter
crosses the user-defined threshold. The data from all
channels is ordered in time and subsequently assembled
into events based on a user-defined event window length.
The event timestamp is counted with 125 MHz clock
ticks, i.e., 8 ns intervals.

The tail pulses from MPR-1 exhibit rise times of
400 ns (MSD12) and 70 ns (MSD26), with a 120 us
decay constant. The tail pulses from iPA exhibit rise
times of 150 ns (LEGe) and 250 ns (XtRa), with a
50 us decay constant. The DDAS filter parameters are
optimized based on these observations [64-67]. The pulse
amplitude is extracted from the energy filter amplitude
at approximately rise time plus gap time after triggering.
If a second trigger arrives within rise time plus gap time,
a pileup will occur. The energy filter parameters are the
dominant factor in determining the count rate capacity
of the DDAS system.

IV. PERFORMANCE TESTS

We have performed comprehensive tests on the PXCT
system using the electronics configuration illustrated in
Fig. 5.

Detectors Preamplifiers Digitizer
Pixie-16
93 Q cho
LEGe iPA {
50 Q Ch1
93 Q Ch2
XtRal iPA {
50 Q Cch3
93 Q Ch4
XtRa2 iPA {
50 Q Chs
50 Q Ccheé
MSD12 MPR-1 {
50 Q Ch7
50 Q Cchs
MSD26 MPR-1 {
50 Q Ccho
1kQ
v
FIG. 5.  Schematic diagram of the electronics setup. The

two arrows following each preamplifier indicate dual outputs
with their respective impedance.



TABLE V. Radioactive sources used in the PXCT detector
tests. Columns one through six display the source numbers,
source nuclides, actual activities, relative uncertainties of
the activities, active diameters, and half-lives, respectively.
Source No. 6 does not generate a particles and is only used
for LEGe testing. The **'Am source in all the other tests
refers to Source No. 7. A hyphen (—) is placed where the
information is unavailable

No. Nuclide A (Bq) oA (%) D (mm) Ty (y)
1 55Fe 1.11 x 10% — 9.5 2.74
2 0Co  3.73 x 10* 3 - 5.27
3 1B7Cs  3.00 x 10° - - 30.1
4 148Gd  2.86 x 10* - - 71.1
5 12Fy  3.10 x 10* 1.4 3 13.5
6 21Am  3.65 x 10° 3.6 3 432.6
7 l1Am  3.44 x 103 2.7 3 432.6

A DB-2 Random Pulser [68] was used to investigate
the data acquisition dead time. The time intervals
between successive pulses follow a Poisson distribution
function. The count rate performance is shown in
Fig. 6. The observed event losses are in line with the
pile-up rates defined by the energy filter settings [63].
Considering the achievable stopped beam rates at FRIB,
decay observables, and detection efficiencies, no detector
will need to process more than 1000 events per second in
the °°Ga decay experiment.

100}

o3

Acceptance (%)

[ —— LEGe
| —— X(Ral
907 —— XtRa2
| —— MSDI2
| —— MSD26
8JO 1000 2000 3000 4000 5000

Input Count Rate / s

FIG. 6. DDAS count rate performance.

The characteristics of all radioactive sources used in
the PXCT detector tests are listed in Table V. A typical
event-build window of 2 us was used, and the count rate
of each detector remained below 2000 events per second
throughout all conducted tests.

A. X-ray measurements

We evaluated the performance of LEGe using the
X rays and low-energy 7 rays from the ®°Fe, !52Eu,

and 2*'Am sources, as shown in Fig. 7. The three
sources were placed at distances of 23, 132, and 130 mm,
respectively, from the entrance window of LEGe for each
test. The overall energy resolution achieved by LEGe is
characterized by fitting the well-known X-ray or v-ray
lines with an exponentially modified Gaussian (EMG)
function to account for incomplete charge collection [69]
at 5.90 keV (Mn K,1), 6.49 keV (Mn Kpg;), 11.89 keV
(Np Ly), 13.76 keV (Np Lg42), 13.95 keV (Np La1),
26.34 keV (*"Np v), 33.20 keV (>*"Np 7), 39.52 keV
(Sm Ka2), 40.12 keV (Sm Kqu1), 45.29 keV (Sm Kgg),
45.41 keV (Sm Kp1), and 59.54 keV (**"Np 7). At the
energies of interest, 8.05 keV (Cu K,;1) and 8.64 keV
(Zn Ka1), the full width at half maximum (FWHM)
is estimated to be 238(8) and 241(7) eV, respectively,
providing enough resolving power to distinguish between
the characteristic X rays of the proton emitter Zn and
the daughter Cu.

For photons below 100 keV interacting with Ge, the
photoelectric effect is predominant, i.e., the photon is
absorbed, and its energy is transferred to an electron
and causes prompt emission of a characteristic X ray
as the resulting vacancy in the electron shell is filled.
A full-energy peak is still observed if this X ray is
reabsorbed near the original interaction site. However,
if the photoelectric interaction occurs near the surface
of Ge, the X ray is more likely to escape, which results
in peaks usually at 9.89 keV and 10.98 keV below the
photopeaks, known as the Ge escape peaks (Fig. 7).
These energy differences correspond to the characteristic
K1 and Kpgy X-ray energies for Ge, respectively [70].

For photon energies just above the K-shell binding
energy of Ge, 11.1030(20) keV [70], the incident photon is
strongly absorbed without deep penetration beyond the
detector surface. The subsequent characteristic K X ray
tends to escape, thereby decreasing the full energy peak
efficiency. This phenomenon can potentially complicate
the detection efficiency of near-edge X rays. However, for
the energies of interest at 8—9 keV, K-shell absorption
is no longer possible, and L-shell interactions dominate.
In this case, incident gamma rays tend to penetrate
somewhat deeper, and the energy of the fluorescent Ge
L X rays is just 1.0—1.4 keV, resulting in a lower chance
of escape. We placed the 15?2Eu at the center of the
chamber and measured the L X rays within the energy
range of 5.4—8.1 keV. Based on the known X-ray emission
intensities [71], we estimate the LEGe detection efficiency
to be 4.02(13)%, in which only statistical uncertainties
are considered.

B. ~v-ray measurements

Figure 8 shows the v-ray spectra measured by XtRal
and XtRa2 using the ?Eu source. We first placed the
source at the midpoint between the two XtRa detectors
that were facing each other, with a distance of 28 cm
between them. Both XtRa detectors exhibit good low-
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FIG. 7. X-ray and/or v-ray spectra measured by the LEGe detector using the **Fe (top), ***Eu (middle), and *'! Am (bottom)
sources. All the X-ray energy values are adopted from Ref. [70] rounded to the nearest 0.01 keV. All the y-ray energy values
are adopted from Ref. [72] rounded to the nearest 0.01 keV. The FWHM values used to characterize the energy resolution of

LEGe are indicated within brackets.

energy response to the 2Sm X rays at 40 keV. We then
placed the source at the center of the vacuum chamber to
determine the absolute y-ray detection efficiencies. The
two XtRa detectors were placed as close as possible to the
two flanges (Fig. 4), with their entrance windows about
12 mm from the flange surface. XtRal Ge crystal has a
slightly larger diameter than XtRa2. Both Ge crystals
are 158.5 mm from the target center, covering 1.70% and

1.51% of the 47 solid angle, respectively. Both XtRa
detectors record an average of 300 room background
gamma rays per second in our lab test environment. The
achieved energy resolution aligns with the specifications
provided by the manufacturer. The absence of X-ray
peaks in the second test (lower panel of Fig. 8) is due to
the 3.175-mm thick stainless steel flanges of the chamber
effectively blocking the X rays.



We also measured the y-ray detection efficiencies using
the %9Co and '37Cs sources placed at the center of the
chamber. MSD12 was not in place during these tests
due to its fragility. MSD26 and the Si detector holders
attenuated the ~ rays from the source to XtRa2 but
had little effect on XtRal. Based on an exponential
function [74] that contains a polynomial of degree 4
with the natural logarithm of the energy E: £(F) =

exp {Z?:o i ln(E)i] fit on all the data points, we obtain

the photopeak efficiencies of 0.334(3)% and 0.286(3)% at
1 MeV, respectively, for XtRal and XtRa2. The error
bars on the data points reflect the uncertainty of the -
ray yields and the source activities, with an additional
2.5% to account for the true coincidence summing effect.

We have developed a detailed Monte Carlo simulation
using GEANT4 [75, 76] to extend the ~-ray detection
efficiency curve to high energies (Fig. 9). The simulation
takes into account the geometry of the setup and the
detector response characterized by fitting the measured
~-ray lineshapes with the EMG function. Monoenergetic
~v rays were emitted isotropically according to the
source distribution and interacted with the surrounding
materials. The photopeak efficiency was extracted
from the output spectrum. We then fit the ratio
of the simulated efficiency to the measured efficiency
between 0.5—1.5 MeV and obtained energy-independent
ratios of 1.143(10) and 1.195(10) for XtRal and XtRa2,
respectively, which serve as the normalization factors to
match the simulation with the data.

The mechanical design allows for the versatile
combination of individual detectors for various
experimental purposes. The two XtRa detectors
have been coupled with a silicon cube [77] and with
a Time Projection Chamber [18]. We also have the
option to integrate LEGe and the central chamber with
larger Germanium detector arrays, such as the DEcay
Germanium Array initiator [78], to achieve a higher
~-ray detection efficiency.

C. «a-particle measurements

Figure 10 shows the a spectrum measured by MSD26
alone using the *'Am source, with a 2-mm diameter
aperture installed in front. MSD12 alone is too thin
to stop «a particles above 3 MeV, and we demonstrate
the AE-E « spectra measured by the telescope formed
by MSD12 and MSD26 in Fig. 11. The « sum peak
exhibits an energy resolution of 0.95%. We first installed
MSD26 and calibrated it using the 48Gd (E, =
3182.68 keV [79]) and 24! Am sources, and then measured
the residual energy of ! Am « particles in MSD26 with
MSD12 installed in front of it. This allowed us to
accurately determine the effective thickness of MSD12 to
be 11.65(8) pm after subtracting the 0.35-pm dead layer
thickness. The total thickness of MSD12 is in agreement
with the nominal value of 12 um specified in the Micron
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datasheet.

D. Coincidence measurements

We placed the 24'Am source at the center of the
chamber, 11.7 mm away from MSD12 and 10.5 mm away
from the entrance window of LEGe. Figure 12 shows the
-y coincidence spectrum between the MSD telescope
and LEGe. The majority of low-energy photons emitted
from 24 Am are blocked by the source substrate, leaving
only the 59.5-keV ~ ray in ?*’Np and its escape peaks
noticeable.

We placed the P2Eu source at the center of the
chamber. Figure 13 shows the XtRal ~ spectra gated
by the Sm K X rays measured by LEGe and gated
by the electrons measured by MSD26, respectively. By
applying the characteristic X-ray coincidence condition,
both the room background « rays and the %2Gd v rays
are substantially suppressed. Conversely, the electron
coincidence condition suppresses the room background
and the 1°2Sm ~ rays. Having the ability to detect
electrons and positrons would help clean up the in-beam
spectrum, thereby facilitating the identification of v ray
origins.

E. Timing performance

The timing performance of electronics was first tested
using a Canberra Model 1407P Pulse Pair Generator [81].
The dual pulses were separately fed into two Pixie-16
channels. The FWHM resolution of the time-difference
distribution is estimated to be 0.46 ns. Then, the primary
pulse was split and fed to each test input of preamplifiers,
and the resulting FWHM timing resolutions are 37.4 ns
(MSD12), 4.4 ns (MSD26), 1.2 ns (XtRal), and 1.8 ns
(XtRa2).

The timing performance of the detectors was studied
using each of the °Co, 152Eu, 24!Am sources placed
at the center of the chamber. %°Co provides ~-v
coincidences to test the two XtRa detectors, °2Eu
provides X-v coincidences to test LEGe and XtRa, and
241 Am provides a-v coincidences to test MSD and LEGe.
Figure 14 shows the time difference distributions between
all the coincidences. Based on these measurements, an
event-build window of a few hundred ns can be defined
to capture all prompt coincidences and some chance
continuum for background subtraction in offline analysis.
Note that the asymmetric tail in both a-+ time difference
distributions is attributed to the relatively long-lived
59.5-keV excited state of 23"Np.

Figure 15 shows the a-y time difference distribution
constructed by the start timestamps from 5486-keV «
measured by the two MSDs and the stop timestamps
from the 59.5-keV v ray deexciting the 59.5-keV state in
Z"Np measured by LEGe. By fitting the time spectra
with a function
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FIG. 8. ~-ray spectra measured by XtRal (red) and XtRa2 (blue) using the ***Eu source. Upper panel: the **?Eu source is
placed in the middle of the two XtRa facing each other. Lower panel: the *?Eu source is placed at the center of the vacuum
chamber, with the two XtRa detectors positioned according to the Fig. 4 configuration. All the y-ray energy values are adopted
from Ref. [73] rounded to the nearest 0.01 keV. The insets demonstrate the detector responses at 122 and 1408 keV.
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peak yields a FWHM of 17.0 keV, corresponding to an energy
resolution of 0.31%.

F(t; N, Ty )9, B) = NIn@) [tln(Q)

Ty, } +B (5

T2

composed of the total number of decays (N), the
exponential decay half-life (7),3), and a constant
background (B), we obtained the half-life of the 59.5-
keV excited state in 23"Np to be 68.4(9) ns (MSD12)
and 68.0(6) ns (MSD26), respectively. Two factors may
limit the time resolution that can be achieved with
semiconductor detectors. Firstly, the charge collection
process is inherently slow, typically taking several
hundred nanoseconds. This timescale is much longer
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than the output from scintillators, making it hard to
achieve the same level of timing performance. Secondly,
the pulse rise shape from semiconductor detectors can
vary significantly from event to event, resulting in a larger
uncertainty in generating timestamps. Nevertheless, the
results obtained from both Si detectors are consistent
with recent precision measurements of 67.86(9) ns [83]
and 67.60(25) ns [84], thereby providing validation for
the PXCT electronics configurations.
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V. SUMMARY & OUTLOOK

The design, construction, and radioactive source test
results of the PXCT detection system are reported. This
setup has the ability to detect all types of radiation
emitted in the EC/BT decay of %°Ga, enabling us
to determine the lifetimes, the proton, «, and ~-ray
branching ratios for discrete %°Zn resonances for the
first time. A comprehensive dataset on 69Zn resonances
would offer valuable insights into the competition
between the 59Cu(p, v)%9Zn and **Cu(p, «)35Ni reactions
and allow for more accurate modeling of X-ray burst
observables. This setup can also provide experimental
information on the nuclear level density and transmission
coeflicients needed to calculate astrophysical rates using
the statistical model. This includes entrance and exit
channels for the reaction, and both ground and excited
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initial and final states.

The PXCT approach has applicability to constrain
other key reaction rates in the rp-process. For instance,
64Ge plays an analogous role in the ZnGa cycle (Fig. 1) to
the role of %°Zn in the NiCu cycle [8]. Given the similarity
of the Qgc, half-lives, proton/a-separation energies, and
X-ray energies, it is technically possible to extend this
method to study the S-decay of % As in the future.
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