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Abstract The Advanced Plunger-Particle detector Array
(APPA) is a new plunger device constructed to mea-
sure lifetimes of excited states in exotic nuclei, particu-
larly those near the N = Z line. This instrument com-
bines a compact plunger device with a charged-particle
detector array to increase the experimental sensitivity for
low-cross-section lifetime measurements employing fusion-
evaporation reactions. APPA can be used in conjunction with
the JUROGAM 3 germanium-detector array and with the
RITU or MARA recoil separators available at the Accelerator
Laboratory of the University of Jyviskylid (JYFL-ACCLAB).
This article outlines the technical details of APPA, presents
the lifetime measurement of the ZT state in ©2Zn, and reports
the effect of APPA on the transmission efficiency of MARA
and prompt y-ray and JYUTUBE detection efficiencies.

1 Introduction

The measurement of nuclear transition strengths provides a
wealth of information about nuclear structure. Strength of
the electric quadrupole E2 transitions between the excited

states of a nucleus is closely related to the degree of col-
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lective motion of the nucleons manifested in nuclear charge
distributions that deviate from sphericity or the vibration of
spherical systems. The study of the development of nuclear
collectivity and shape evolution deepens our understanding
of the properties of the strong nuclear force. For example,
the region of nuclei with A = 56-100 around the N = Z line
between doubly-closed shells is known to exhibit a remark-
able diversity of nuclear shapes (see, e.g., Refs. [1-3]). In
this region, nuclear shapes evolve as a function of the mass
number from spherical to triaxial, oblate, prolate, and back
to spherical. This evolution is induced by the occupation of
deformation-driving single-particle orbitals. Moreover, the
coexistence of different nuclear shapes has been observed in
several nuclei, such as in the recently studied '*°Pb isotope
[4-6].

The reduced transition strengths (the B(E2) values from
now on) can be determined from the lifetimes of the excited
states. When combining measurements of the B(E2) val-
ues with Coulomb excitation data, spectroscopic quadrupole
moments Q can be extracted (see, e.g., [7]). The B(E2) and
Q; values are the most significant measures of quadrupole
collectivity and nuclear shape, respectively. Lifetimes of
excited states in the 10~12-1077 s regime can be measured
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Fig. 1 Side profile of APPA inside the JUROGAM 3 target chamber. The ion beam enters from the right. Nuclei of interest are synthesized in
the target foil and pass through the degrader foil towards the recoil separator

using the Recoil Distance Doppler-Shift (RDDS) method [8],
employing, e.g., fusion-evaporation reactions.

A decade ago, the heaviest odd-odd N = Z nucleus, for
which a B(E2;2" — 0T) value had been measured, was
58Cu [9]. The situation has improved since the B(E2; 2+ —
0%) values in 70Br, 7Rb, and 3Y have been reported in Refs.
[2,3,10,11], in addition to the data on *°V and *Mn [12-14].
The odd-odd N = Z nuclei in the A = 18-78 region for which
the B(E2;2T — 07) values have not yet been measured
are 7*Co, 92Ga and ®°As. The level schemes of the °2Ga and
% As nuclei have recently been studied with the Recoil-Beta-
Tagging (RBT) technique at the Accelerator Laboratory of
the Department of Physics (JYFL-ACCLAB) [15-17]. The
Advanced Plunger-Particle detector Array (APPA), devel-
oped at the Institute of Nuclear Physics, Cologne, Germany,
was born from the idea of combining the plunger lifetime
measurement method with the RBT technique to access the
lifetimes in these exotic nuclei. As previous in-beam y-ray
spectroscopy studies around the N = Z line employing the
RBT technique have shown, the use of a charged-particle
veto detector is highly beneficial [16,18,19]. Consequently,
combining a plunger device with a charged-particle detec-
tor array increases the experimental sensitivity in lifetime
measurements of weakly populated nuclear excited states.
This, however, requires a compact size for the plunger device.
Instruments employing both a plunger and a charged-particle
detector have also been developed in other research facilities
around the world, for example, the Tigress Integrated Plunger
(TIP) used at TRIUMF [20], the GALILEO plunger devel-
oped for Laboratori Nazionali di Legnaro [21], iCAPS (inte-
grated Cologne Argonne Plunger Setup) used at the ATLAS
facility at Argonne National Laboratory (ANL) [22], and
reversed plunger used together with the AGATA array [23].

@ Springer

2 Materials and methods
2.1 Mechanical design of APPA

The APPA instrument, shown in Fig. 1, combines a compact
plunger device with the JYUTUBE (Jyviskyla—York Univer-
sity Tube) charged-particle detector array. It is placed in the
center of the target chamber, which is surrounded by the
JUROGAM 3 germanium-detector array [24] as shown in
Fig. 1. The design drawing of the APPA plunger is shown in
Fig. 2. The plunger is a device for lifetime measurements
employed with the recoil distance Doppler-shift (RDDS)
technique. It includes parallel, conductive target and degrader
foils. Using the degrader foil instead of the conventional
stopper foil allows the fusion-evaporation reaction prod-
ucts to enter a recoil separator. The foils are glued to alu-
minum frames (1. in Fig. 2). Each foil is stretched over the
aluminum-target and degrader cones (2. and 3. in Fig. 2)
with circular openings of 8 and 10 mm, respectively, by three
spring-loaded screws (4. in Fig. 2). The resulting flat foil sur-
faces are aligned to be parallel with respect to each other by
visually observing light through the gap between the foils.
The alignment is adjusted via three spring-loaded screws (5.
in Fig. 2) that attach the target cone to its support ring (6.
in Fig.2), while the degrader cone is directly mounted on
its support ring. The support rings are attached to the target
and degrader stands (7. and 8. in Fig. 2). The target stand is
attached to the Q—521.140 Miniature Linear Stage [25] (9.
in Fig. 2), manufactured by the company Physik Instrumente
(PD). For simplification, in the following the Q—521.140 Lin-
ear Stage is referred as “motor”. The motor has a travel range
of 12mm, a position sensor resolution of 1 nm, and a min-
imum incremental motion of 30 nm. The degrader stand is
mounted to the fixed electrically insulating base structure
(10. in Fig. 2). The APPA plunger can be laterally aligned
with the ion optical axis of the beam from the base structure
(11. in Fig. 2).
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The APPA plunger was constructed specifically for use
with JYUTUBE. The main design criterion was to minimize
the shadowing of the JYUTUBE detector elements by the
plunger structures, and therefore the motor is also placed
outside of JYUTUBE. Secondly, this design was to minimize
the possible electromagnetic interference between the motor
and the JYUTUBE detectors. Such interference has not been
observed in the JYUTUBE detector signals.

2.2 Distance calibration and measurement

For lifetime measurements with the RDDS technique employ-
ing a plunger device, the target-to-degrader distance is varied.
In the APPA plunger, the distance is adjusted by moving the
target stand with the motor. The distance based on the number
and size of the motor steps taken is called motor distance.
This is the relative distance from the zero-point position,
which is defined by the user. The absolute distance between
the foils cannot be directly extracted from the motor dis-
tance. Instead, a capacitance method, as outlined in Ref. [26],
is used. The block diagram for the distance measurement is
shown in Fig. 3. A flat-top voltage pulse with an amplitude V}
from the Model PB-5 Pulse Generator [27], manufactured by
BNC (Berkeley Nucleonics Corporation), is introduced into
the target foil. This induces a time-dependent voltage pulse
in the degrader foil through capacitive coupling. The induced
voltage pulse can be described with V (¢) = Voe_#, where
R is the input impedance of the linear amplifier and C is
the capacitance between the foils. The time integral of V' (¢),
achieved by the linear amplifier, is linearly proportional to C
and thus inversely proportional to the distance between the
foils, assuming an ideal plate capacitor. The induced voltage
signal is amplified and shaped by the linear amplifier and
then digitized to precisely measure its amplitude using the
National Instruments NI USB-6212 DAQ device [28].

The relation between induced voltage and motor distance
is established in a distance-calibration procedure [26]. First,
the electrical contact point must be determined. That point
corresponds to the shortest achievable distance before con-
tinuous electrical breakdowns occur between the foils. The
indication of electrical contact is a sudden increase in the
measured voltage due to short circuit between the foils. The
motor zero-point position is set to the electrical contact point.
After establishing the electrical contact point, the voltage is
measured at different motor distances to generate a distance
calibration curve, as shown in Fig. 4. An estimate of the
absolute minimum distance, called the offset, is deduced as
explained in the caption of Fig. 4. Further information on
this procedure is given in Ref. [29]. The offset in the APPA
plunger typically ranges from 5 to 20 pm, depending on the
surface quality and alignment of the foils. Determining the
offset is not strictly required for the lifetime analysis methods

ww gL} —
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Fig. 2 Isometric view and side projection of the 3D model of the APPA
plunger. In the figure on the right, the target is positioned on the right
and the degrader on the left. Essential parts of the plunger are assigned
in the left-hand side figure as follows: 1. target/degrader frame, 2. tar-
get cone, 3. degrader cone, 4. spring-loaded screw for degrader foil
stretching, 5. spring-loaded screw for parallel alignment of the foils,
6. target/degrader support ring, 7. target stand, 8. degrader stand, 9.
Q—521.140 Linear Stage, 10. electrically insulating base structure and
11. lateral adjustment

Target | Degrader Target chamber
=]
Q-521.140 8 \
Motor @
>
a
MARA/RITU cave
E-837 PB-5 Ortec Ortec Canberra
PIShift Pulse | |416 A 570 Lin. gate
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Fig. 3 Block diagram of the target-to-degrader distance measurement
and motor control
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Fig. 4 Distance calibration and estimation of the offset in the case
of "Mg target and “>Nb degrader. The offset is estimated from the
absolute value of the x-axis interception (in this example ~13 pwm,
indicated by red dashed line) of the linear fit to the data points. The
data points used for the fit are selected based on visual inspection.
Moreover, the quoted uncertainty of 0.2 m for the offset is associated
with the linear fit procedure only. A more realistic uncertainty estimate
for the offset, as determined with the method used here, is approximately
+5 um as stated in Ref. [26]. The non-linearity at short distances is
due to mechanical contact between the foils and oxide layer on the
natMg target, while the non-linearity at longer distances is due to stray
capacitance

that are based on relative distances, such as the Differential
Decay Curve Method (DDCM) [30] as used in this work.
However, it is essential when estimating the lower limit of
the measurable lifetime.

When the ion beam impinges on the target foil, the target-
to-degrader distance can be affected by momentum trans-
fer [32] in the foils and thermal expansion [31] of the foils
and plunger structures, either temporarily or permanently.
To compensate for the temporary effects, a LabView-based
Feedback software has been developed at the Institute for
Nuclear Physics of the University of Cologne [29]. The Feed-
back software aims to maintain the capacitance between the
two stretched foils and the corresponding foil separation
from the distance calibration within the set tolerance limits
by automatically adjusting the motor distance—if the mea-
sured distance value exceeds the set lower or upper limit,
then Feedback restores the calibrated distance back within
the set distance range. Permanent foil deformations can only
be attempted to be corrected by re-stretching the foils. In
the case of temporary foil deformations, lowering the beam
intensity might help to avoid these problems.

3 APPA commissioning experiment
The APPA commissioning experiment was carried out in
JYFL-ACCLAB using a 114-MeV #°Ca beam from the K130

cyclotron [34] to bombard a "™'Mg target with a thickness of
0.74 mg/cm?. The objectives of the commissioning experi-
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ment were to measure 7) the previously determined lifetime
of the ZT state in %2Zn (see previous results in Table 1), ii)
the MARA transmission efficiency, iii) the MARA mass-
resolving power, iv) the prompt y-ray detection efficiency
of the JUROGAM 3 spectrometer with the APPA setup in
place, and v) the JYUTUBE charged-particle detection effi-
ciency in the APPA configuration. In this experiment, 92Zn
was produced in the *Mg(*°Ca, 2p)%>Zn reaction. For the
RDDS lifetime measurement, a >>Nb degrader with a thick-
ness of 1.33 mg/cm? was used. The y-ray intensity is split
between the fully Doppler-shifted (vrecoil /¢ = 0.042(2)) and
degraded components (Vrecoil/c = 0.030(4)), which corre-
spond to y-rays emitted before and after the degrader foil,
respectively.

The vacuum-mode separator MARA [35] was used to
separate the recoiling fusion-evaporation reaction products
(recoils) with specific mass-to-charge (A /q) ratios from the
primary beam particles. At the exit of MARA, the recoils first
pass through a Multi-Wire Proportional Counter (MWPC)
and are then implanted into a Double-Sided Silicon Strip
Detector (DSSD). The DSSD detector was of Micron BB20
type with a thickness of 300 um. The recoils can be identified
by their energy deposited into DSSD and by their time-of-
flight between MWPC and DSSD.

The target chamber was surrounded by 13 tapered Compton-
suppressed germanium detectors of JUROGAM 3 [24] to
detect promptly emitted y rays. The Ge detectors were
arranged in two rings at angles of 157.7° (Ring 1, 4 Ge
detectors in the current experiment) and 133.6° (Ring 2,
9 Ge detectors in the current experiment) with respect to
the beam direction. Each Ge detector was equipped with a
BGO shield for Compton suppression. As part of the APPA
device, the charged-particle detector JYUTUBE, consisting
of 120 plastic scintillator elements forming a hexagonal bar-
rel, was installed inside the target chamber, surrounding the
plunger device, as shown in Fig. 1. JYUTUBE can be used
to assist in the selection of the fusion-evaporation channel
by measuring the number of evaporated charged particles for
eachrecoil event. All detector signals were fed into 100-MHz
Lyrtech/Nutaq VHS-ADC digitizers and recorded in trigger-
less mode. Data analysis was performed using the Grain soft-
ware package [36] and the NAPATAU lifetime analysis soft-
ware [37].

4 Results

4.1 Lifetime measurement

The lifetime measurement of the 2?‘ state in 92Zn was car-
ried out using the following calibrated target-to-degrader

distances with respect to the zero-point position (and mea-
surement times): 15.0(4) pm (fmeas = 110 min), 65.0(1) pm
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Table 1 Transition energies £, and previously measured level life-
times  in 92Zn, relevant for the present work

Transition E, (keV) 7 (ps)

27 — 0f; 953.8(1) [38] 4.2(7) [39]
4.3(3) [40]
4.2(3) [41]
2.5%30 [42]

4f —2f 1232.2(1) [38] 0.767030 [41]

1.5(10) [42]
1.2(1) [40]

(tmeas = 120 min), 105.0(3) wm (fmeas = 130 min), 124.0(3)
pm (tmeas = 114 min), 156.0(4) wm (fyeas = 111 min), and
303.0(16) wm (tmeas = 310 min). The measurement times
were limited to obtain similar statistics as expected for the
proposed lifetime measurement of ®® As. Moreover, the life-
time analysis was performed separately by employing i)
recoil- and mass-gated singles y-ray data and i) stand-alone
JUROGAM 3 y-y coincidence data.

In DDCM, the lifetime of the state i is extracted using the
equation

() = 3oy braai I (x)
U%I-S(x)

1

Ti(x) = — ey
Here, Iid and / ,f correspond to the normalized intensities
of the degraded components of the specific de-exciting y-
ray transition and each observed feeding y-ray transitions
of the state i, respectively. IiS is the normalized intensity of
the fully Doppler-shifted component of the de-exciting y-
ray transition. Normalization is performed here based on the
ratio 14/5 = %, where N¢ and NS are the fitted peak
areas of the degraded and shifted components, respectively.
The variable v is the recoil velocity and x is the target-to-
degrader distance. The term oy; is given as a relation

o (0) - £(Ey )

_ @0 -8By L) 2
w;(0) - e(Ey ;i) @

ki

where w(0) contains the angular distribution of the
detected y-rays, and e(E,) is the y-ray detection efficiency
at a transition energy E,, . In this analysis, both 953.8(1)- and
1232.2(1)-keV y-ray transitions are assumed to be stretched
E?2 transitions with nearly identical angular distributions
w(0). The parameter by; takes into account the branching
ratios of all feeding transitions. To ensure areliable extraction
of the lifetime 7;, the RDDS measurement must be carried

out within a distance range in which the derivative %Iis pe

N
% max(%) [26]. This range is called a region of sensitivity.
The relative intensity observed for the 1232.2(1)-keV tran-
sition was 80(1)% compared to the intensity of the 953.8(1)-

keV transition. No other feeding transitions to the 2% state
in 62Zn were observed in these data which would allow fur-
ther feeding corrections. Therefore, the DDCM analysis was
carried out with two side-feeding assumptions, i.e., by; = 0.8
and 1.0. The former value equals to the assumption that the
unobserved feeding to the 2]" state is fast compared to the
observed one. The latter value means that the unobserved
side feeding has a similar time behavior to the observed one.
To address ambiguity related to side-feeding effects,ay — y
coincidence analysis method can be used, as outlined in Ref.
[43] (Fig. 5). In this method, the effects of side feeding in
the DDCM analysis can be eliminated. In the present work,
the intensities of ZT — 0[‘; transition in coincidence with
4]" — 2;“ transition in %>Zn were also analyzed as demon-
strated in Fig. 6. The obtained intensities for both transitions
were then analyzed in a similar fashion to the y-ray singles
analysis with the NAPATAU software (Table 2).

The lifetime values for the 2;’ state in ©2Zn were extracted
at distances of 65 pm, 105 pwm, 126 pwm, and 156 pm, all of
which lie within the region of sensitivity as can be inferred
from Figs. 7 and 8. The derivatives %Izs+_>o+ (Figs. 7c and
8c) were obtained by fitting the 12S+_) o+ data points (Figs. 7b
and 8b) with three or two connected second-order polyno-
mials for the Ring 1 and Ring 2 detector data, respectively.
The results obtained from the y-ray singles and y — y coin-
cidence analysis, summarized in Table 3, are in agreement
within the uncertainties, when assuming by; = 0.8. This sug-
gests that the unobserved side feeding in the y-ray singles
analysis indeed originates from shorter-lived states in com-
parison to the main feeding path of the 21+ state validating
the use of the by; value of 0.8.

The lifetime values extracted from Ring 2 appear to be
systematically higher than those obtained from Ring 1, as can
be seen in Table 3. The reason for this may be related to the
limited number of measured distances and to the statistical
variation of the individual measurement points. The fits of the
polynomials shown, e.g., in Fig. 7 panels c) and d) proved to
be somewhat sensitive to the selected fitting range.

4.2 MARA transmission efficiency and mass resolution

The MARA transmission efficiency is the ratio of the fusion-
evaporation reaction products with specific A and Z, which
pass through the separator to the focal plane, to the total
number of corresponding nuclei created in the target. The
transmission efficiency of a separator is an essential parame-
ter when extracting reaction cross sections from the measure-
ment data or alternatively when estimating the required beam
time for recoil-gating or recoil-decay tagging experiments
employing recoil separators [35]. A larger transmission effi-
ciency allows a correspondingly greater yield in y -ray statis-
tics in these types of experiments. The most important fac-
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Table 2 Fitted centroids (E f and E ‘y’ ) and standard deviations (¢° and

o?) for the fully Doppler-shifted (S) and degraded (d) components of
the y-ray peaks corresponding to the 2?’ — 02} and 4?’ — 2?’ transi-

tions in ®2Zn. The quoted values are obtained at the maximum distance
of 303 wm (S) and at the minimum distance of 15 pwm (d). All values
are given in keV

Transition E ;1 o E )‘f oS
Singles spectra
Ring 1
2f - Ogs 963.6(2) 2.3(2) 953.4(2) 2.3(2)
4f —2f 1244.8(2) 2.4(2) 1231.8(2) 2.3(2)
Ring 2
2f - 0;5 960.9(2) 2.2(2) 953.8(3) 2.4(2)
4f —2f 1241.3(2) 2.5(2) 1231.2(2) 2.8(2)
y—y coincidence
Ring 1
Zfr — Og,rs 960.7(4) 2.8(3) 954.3(3) 3.03)
4f —2f 1245.8(6) 2.9(6) 1232.5(8) 3.4(7)
Ring 2
27 — Oz,rs 961.4(2) 3.03) 954.1(2) 3.03)
4f —2f 1242.3(4) 3.6(4) 1233.2(3) 3.903)
Table 3 Extracted lifetimes 7 (ps) for the 21+ state in 92Zn obtained in the present work

singles (by; = 1) singles (by; = 0.8) Y-y
x (m) Ring 1 Ring 2 Ring 1 Ring 2 Ring 1 Ring 2
65 1.1(6) 1.9(7) 3.6(6) 4.6(6) 3.1(11) 4.1(9)
105 1.0(9) 1.7(7) 3.3(7) 4.2(6) 3.5(12) 4.1(9)
126 1.07}7 1.8(8) 3.5(10) 4.2(7) 3.7(13) 4.1(9)
156 16710 1.8(7) 3.9(10) 3.9(6) 3.5(15) 3.8(10)
Tw.avg 1.1(5) 1.8(4) 3.6(4) 4.2(3) 3.4(7) 4.0(5)

tors that affect the separator transmission efficiency are i) the
reaction kinematics (normal, symmetric, or inverse kinemat-
ics) and employed beam energy, ii) the thickness of the target
and degrader thickness, and ii7) the characteristics of the sep-
arator, such as angular and energy acceptances. For example,
the inverse kinematic reaction (Arget < Abeam), as used in
the present work, typically results in higher transmission effi-
ciency than the normal kinematic reaction (Atarget > Abeam)s
while a thicker target foil results in broader angular cone,
energy, and charge-state distributions of the reaction prod-
ucts, leading to a reduced number of recoils entering and
passing through the separator. Similarly, the addition of the
degrader foil increases the energy spread and broadens the
angular cone of the produced nuclei, both reducing the trans-
mission efficiency.

The MARA transmission efficiency was determined exper-
imentally for the 2*Mg(*°Ca, 2p)®2Zn reaction used in the
APPA commissioning experiment. This was done by tak-
ing the ratio between the number of 2;“ — Ogs y rays
observed in the recoil-gated (no mass gating) singles and

@ Springer

raw JUROGAM 3 y-ray spectra. Secondly, similar analysis
was done for the number of the 4] — 2 y-ray transitions
in coincidence with the 27 — 0 transitions. The recoil
gating was performed separately with the DSSD and MWPC
detectors. This was done because the MWPC detector has
larger physical size, hence, the transmission measured at this
detector position should yield a higher value. The transmis-
sion efficiency was extracted from data obtained with the
natMg target alone and from the data where the “>Nb degrader
foil was placed downstream from the target. This allowed to
quantify the reduction in transmission efficiency caused by
the degrader. The experimental transmission efficiencies, as
extracted from the DSSD and MWPC detectors, along with
the simulated transmission values [35,44,45], are summa-
rized in Table 4.

The absolute transmission efficiency for the two-proton
evaporation channel (°>Zn) without the degrader foil was
found to be on average 23.5(4)% at MWPC and 10.5(2)% at
DSSD, including all observed charge states at these detec-
tor positions. The value measured at MWPC is well in line
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Fig. 5 Fitted y-ray peaks in the singles analysis (employing both recoil
and mass gating) corresponding to the transitions de-exciting and feed-
ing the 2fr state in %2Zn from the measurements performed at distances
of 15 pm, 65 pmand 303 pm. In each panel, the blue step histogram rep-
resents the measurement data. Since the spectra are Doppler corrected

with the transmission efficiency obtained from the ion-optical
simulation as indicated in Table 4. The experimental trans-
mission value obtained at DSSD (10.5(2)%) is somewhat
lower in comparison to the simulation (14.3%), the likely
reason being that the DSSD detector did not record the
high-energy part of the recoil distribution, as those exceeded
the set dynamic range of the DSSD preamplifiers. With the
1.33-mg/cm? thick > Nb degrader foil the MARA transmis-
sion efficiency was found to be reduced to average values
of 10.6(3)% at MWPC and 6.1(2)% at DSSD, both being
compatible with the simulated values. It should be empha-
sized that selecting the degrader foil material and thickness
is always a compromise. A thicker foil increases the energy
difference of the fully Doppler-shifted and degraded compo-
nents of the y-ray peak. On the other hand, it reduces the

920 940 960 980
E, (keV)

1220 1240 1260
E, (keV)

for the fully Doppler-shifted components, the higher-energy peaks cor-
respond to the degraded components (green solid line), while the lower-
energy peaks correspond to the fully Doppler-shifted components (solid
blue line). The red solid line represents the total fit

separator transmission efficiency and therefore y -ray statis-
tics in addition to potentially worsening the A /g resolution.

The MARA separator can be used to separate reaction
products based on their mass-to-charge (A /q) ratios. A phys-
ical mass-slit system of MARA allows to reduce contam-
ination, e.g., in recoil-gated or recoil-decay tagged y-ray
spectra, originating from unwanted reaction products. This
is particularly important in cases where the production cross
section of the nucleus of interest is low in comparison to
other reaction products. Figure 9 panel a) shows the A /q dis-
tributions measured at the MARA focal plane for reaction
products with masses of A = 60, 61, and 62 while using the
natMg target alone. It should be noted that the A /g distribu-
tions have been obtained directly from the MWPC x-position
information and, hence, do not include corrections for the
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Fig. 6 Fitted y-ray peaks in the y — y coincidence analysis (employ-
ing stand-alone raw JUROGAM 3 data) corresponding the de-exciting
transition 2? — 0;; gated with the feeding transition 4fr — 21+ in%2Zn,
and vice versa, from the measurements performed at distances of 15 pm,
65 pm and 303 pwm. In each panel, the blue step histogram represents

920 940 960 980
E, (keV)

1220 1240 1260
E, (keV)

the measurement data. Since the spectra are Doppler corrected for the
fully Doppler-shifted components, the higher-energy peaks correspond
to the degraded components (green solid line), while the lower-energy
peaks correspond to the fully Doppler-shifted components (solid blue
line). The red solid line represents the total fit

Table 4 Experimental and simulated MARA transmission efficiencies at the DSSD and MWPC detector positions with and without the plunger

degrader foil
without degrader with degrader
DSSD MWPC DSSD MWPC
y-ray singles 10.5(2)% 23.5(4)% 6.1(2)% 10.7(3)%
y — y coincidence 9(2)% 21(3)% 5.4(12)% 8(2)%
simulation 14.3% 23.9% 6.1% 8.9%
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Ring 1 (singles)

Ring 2 (singles)

7 = 3.6(4) ps

107 10

Distance (pm)

Fig. 7 Illustration of the singles lifetime analysis for the 2]+ state in
27n assuming by;=0.8: a and b extracted lifetime values at distances
of 65 pm, 105 pm, 126 pwm, and 156 pm, with the weighted average
(solid lines) and 1o error margins (dashed lines), ¢ and d fit of the fully

energy or angular aberrations. As the use of the degrader foil
introduces both energy and angular straggling of the reaction
products entering MARA, this may also affect the MARA
mass resolution (AA = g - wa/4) and mass-resolving power
(R = Lj}T/’{I = A/AA), where wy, is the full width at
half maximum (FWHM) of the A /g distribution. Panel b)
in Fig. 9 shows the A/q distributions with the 1.33-mg/cm?
thick 2Nb degrader foil: As can be seen, the reaction prod-
ucts with neighboring masses are still well separated for the
central charge states of ¢ = 13 and ¢ = 14. The average mass
resolution without degrader for the central charge states g =
17andg = 181is AA = 0.98(6) amu translating to the mass-
resolving power of R = 63.0(41). With degrader the corre-
sponding values appear to be only marginally worse yielding
AA = 1.00(8) amu and R = 62.8(56). In fact, the obtained
mass-resolving power values in both cases are worse than the
typical value of R ~ 150 [44]. This is most likely due to the
fact that one of the ion-optical components, the surface coils
of the MARA magnetic dipole were out of order during this
test experiment.

103101 102 108

Distance (pm)

Doppler-shifted normalized intensities for the ZT — Oz,rs transition in

6271, and e and f the difference of the degraded normalized intensities
between the de-exciting and feeding transitions of the ZT state. From
left to right, the results are presented separately for Ring 1 and Ring 2

4.3 The prompt y-ray detection efficiency

The detection efficiency of prompt y-rays from the tar-
get was determined for Rings 1 and 2 of JUROGAM 3
by using ’?Eu and '33Ba calibration sources in four differ-
ent configurations. These were i) a standard JUROGAM 3
configuration, ii) the APPA plunger without the JYUTUBE
configuration, iii) the full APPA configuration (the plunger
and JYUTUBE) and iv) JYUTUBE without the APPA plunger
configuration. The results are shown in Fig. 10. The y-ray
detection efficiencies have been scaled so that the efficiency
at 1.3 MeV in configuration 1 is 0.4% in Ring 1 and 0.9%
in Ring 2 (~0.1% / Ge detector). These absolute efficiencies
are known from several previous detection efficiency mea-
surements of JUROGAM 3. According to the results (see
Fig. 10), the effect of the APPA plunger on the y-ray detec-
tion efficiency is negligible. The y-ray detection efficiency
appears to be actually higher with the plunger, especially in
the turnover region around 120 keV. This somewhat unex-
pected result may be attributed to slight differences in the
positions of the calibration sources between the measure-
ments. In the measurements corresponding to “standard con-
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Fig. 8 The figure illustrates the y — y coincidence lifetime analysis
for the 2?’ state in ©2Zn: a and b extracted lifetime values at distances
of 65 pm, 105 pm, 126 wm, and 156 pm, with the weighted average
(solid lines) and 1o error margins (dashed lines), ¢ and d fit of the fully

figuration” and “NO plunger and JYUTUBE”, the calibration
sources might have been at most 5 mm off the actual target
position toward MARA. The addition of JYUTUBE clearly
reduces the y-ray detection efficiency. However, in many
cases, JYUTUBE can provide a cleaner prompt y-ray spec-
trum, which is more beneficial despite the moderate reduction
in the y-ray detection efficiency.

4.4 JYUTUBE charged-particle detection efficiency with
the APPA plunger

The JYUTUBE charged-particle detection efficiency in the
APPA configuration was determined by measuring the inten-
sities of the selected recoil-gated prompt y rays originating
from the reaction products ®'Cu (produced in the 3 p evapo-
ration channel), ®1Zn (2 pn), and 627n (2 p) as a function of
the JYUTUBE charged-particle count. This approach works
because the y rays are associated with recoil events, and
each recoil event is in turn associated with 0 to N detected
charged-particle events in JYUTUBE. The resulting experi-
mental distributions shown in Fig. 11 were fitted with bino-
mial distributions, yielding an average detection efficiency

@ Springer

10 10 10% 10°

Distance (pm)

Doppler-shifted normalized intensities for the Zfr — Og‘s transition in
627n, and e and f the difference of the degraded normalized intensities
between the de-exciting and feeding transitions of the 21+ state. The
results are presented separately for Ring 1 and Ring 2

of 40.2(3)% for one evaporated proton. This value is lower
than the typical one-proton detection efficiency of JYUTUBE
in the standard target holder configuration, where detection
efficiency values of 60-70% are commonly observed. The
reduction is due to the target/degrader cones and support rings
of the APPA plunger, which mask the JYUTUBE detector ele-
ments located around 6 ~ 90° with respect to the beam axis.
The 40.2(3)% one-proton detection efficiency corresponds to
a veto efficiency of about 80% for a 3 p channel, demonstrat-
ing the usefulness of the device when measuring lifetimes in
nuclei produced via xn, pxn, or axn channels.

5 Conclusions

The performance of the APPA device has been assessed in
an in-beam commissioning experiment in conjunction with
the JUROGAM 3 spectrometer and the MARA separator.
The lifetime of the 2]" state in ©2Zn was measured yield-
ing a weighted average value of t = 3.9(2) ps based on the
four individual lifetime values listed in Table 3. The value
obtained is consistent with the literature value of 4.2(2) ps
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Fig. 9 The experimental mass-to-charge (A /q) distributions as mea- 1.33-mg/cm? thick >Nb degrader foils. The (A/q) distributions are
sured at the MARA focal plane for reaction products with mass A = 60 formed by gating on the known prompt y-ray transitions from %Ni,
(black), A = 61 (yellow) and A = 62 (blue) a) with a 0.74-mg/cm? thick ~ ®'Cu, and %2Zn

natMg target foil only and b) with 0.74-mg/cm? thick "Mg target and
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Fig. 10 The y-ray detection efficiency curves for Ring 1 and Ring 2 and JYUTUBE (dashed red line) iii) the standard JUROGAM 3 con-
of JUROGAM 3 in four different configurations: i) the APPA plunger figuration without JYUTUBE (solid green line) and iv) the standard
without the JYUTUBE configuration (solid blue line), ii) the plunger JUROGAM 3 configuration with JYUTUBE (dashed black line)
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970 keV, %1Cu (3p), £,=39.5(5)%

1141 keV, 51Zn (2pn), £,=39.7(5)%
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Fig. 11 Determination of the JYUTUBE detection efficiency for one
evaporated proton. The experimental distributions (blue solid squares)
are obtained by measuring the intensities of selected y-rays originat-
ing from %'Cu (3p), 'Zn (2pn) and %2Zn (2p) nuclei as a function

[38]. This result validates APPA and its operational proce-
dures in RDDS measurements with recoil separators.

Furthermore, the MARA transmission efficiency val-
ues of 10.5(2)% at DSSD and 23.5(4)% at MWPC loca-
tions were measured for the ®Zn recoils from the **Mg
(4°Ca, 2p)%?Zn reaction using a 0.74-mg/cm? thick "*Mg
target. After adding the 1.33-mg/cm? thick >Nb plunger
degrader foil, the corresponding transmission efficiency val-
ues were reduced to 6.1(2)% at DSSD and 10.6(3)% at
MWPC. Moreover, the mass resolution and mass-resolving
power of MARA were determined without and with the
degrader foil. No significant reduction in these values was
observed when the degrader foil was used. These results
provide an experimental benchmark for simulations of the
MARA ion-optics and facilitate better planning of the future
APPA experiments at MARA. Lastly, the JYUTUBE charged-
particle detection efficiency for one evaporated proton was
measured to be 40.2(3)% in the APPA configuration.

Since the commissioning experiment reported in this
work, the APPA device has been successfully used in several
RDDS measurements employing both the RITU and MARA
separators. Although most of these data are currently under
analysis, three published research works reported in Refs.
[4,46,47] demonstrate the excellent functionality of APPA.
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