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ARTICLE INFO ABSTRACT

MSC: The isomeric content of a 3*Cl beam produced in the intermediate-energy projectile fragmentation of a 150
00-01 MeV/u % Ar beam on a 3 mm-thick Be target was studied. -delayed y-ray spectroscopy was used to measure the
99-00 population of 34Cl fragments in the ground vs. isomeric states at zero degrees relative to the incoming primary
Keywords: beam for four different momentum settings of the fragment separator near the predicted central velocity of
b deca}_’ these fragments, as well as, at two non-zero-degree settings for one momentum setting. Of the settings explored,
I;S:;:“c state which excluded rigidities within 0.5% of the value predicted to maximize total 3*Cl yield due to unreacted

primary beam, the maximum rate for the production of **"Cl was found at a rigidity setting 0.75% below

the predicted peak 3*Cl yield. The maximum population of the isomeric state relative to the ground state was
observed at a rigidity 1.25% below the predicted maximum 34Cl yield. Studies such as this are important in
generating the understanding needed for producing isomer-enriched rare-isotope beams.

1. Introduction

Radioactive ion beams continue to play a central role in the fore-
front of nuclear science research. A sub-class of available radioactive
ion beams are those whereby the isotope of interest is produced and
delivered not in the lowest-lying energy (ground) state but in a meta-
stable, so-called isomeric state (see Ref. [1] and references therein). The
formulation and description of isomeric states in nuclei is a sub-field of
research on its own which has produced a number of insights into our
understanding of nuclei and the forces that govern them. The usefulness
of isomeric beams themselves for in-beam or reaction-type experiments
has also been realized, as demonstrated in Refs. [2-10]. Such measure-
ments are able to provide new complementary information compared
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to the available data on isotopes residing in their ground states. Hence,
there is continued motivation to develop an improved understanding
of isomeric beam production mechanisms and predictions of their rates
and purities at accelerator facilities worldwide.

There are numerous methods available to produce radioactive beams
containing isomeric content, for example, Isotope Separation On Line
(ISOL) techniques and the utilization of fission fragments, as well as in-
flight, transfer, fusion evaporation, and fragmentation reactions [11].
Few of these reactions preferentially populate isomeric states of rel-
atively low angular momenta, or spin, J < 8. Furthermore, most
production mechanisms rely on experimental detection to determine
the isomer content of each beam of interest which may not always
be practical. Two exceptions to this include the use of single,
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multi-nucleon, or charge-changing transfer reactions and fusion evapo-
ration reactions. Transfer reactions have a palatable framework that is
able to provide reliable estimates for isomeric beam production yields
and rates, for example, through calculations based on the Distorted
Wave Born Approximation (DWBA). Fusion evaporation reactions, sim-
ilarly, have frameworks which can provide reasonable predictions of
isotope production cross sections as a function of J and excitation
energy. Predicting the isomeric content of a specific isotope produced
via intermediate or high-energy fragmentation is far less reliable. This
is particularly the case for J < 8 isomeric states as noted in Ref. [12].

The present work was centered around the production of 34Cl via
intermediate-energy fragmentation at the National Superconducting
Cyclotron Laboratory (NSCL) and the population of its J* = 3* isomeric
state, **"Cl, having a lifetime of T, = 31.99(3) min and residing at
an excitation energy of 0.146 MeV above the J” = 0% ground state,
gl (T, 52 = 1.5266(4) ) [13,14]. 34mC] production has a number of
similarities to that reported on for 38K in Ref. [12]. Both reactions
utilized fragmentation of an even-A even-N beam on a Be target at
intermediate energies, specifically the removal of one proton and one
neutron from the beam in each case. One notable difference, is the
interchange of J and the relative lifetimes of the ground and isomeric
states between 34Cl and 38K [14,15].

An isomeric beam of 3*"Cl is of interest on a number of different
scientific fronts. It could be used either at the full production energy
(=100 MeV/u) or after it has been slowed and/or re-accelerated at the
ReAccelerated (ReA) beam Facility at the Facility for Rare Isotope Beam
(FRIB), for example. A beam of 3* ™£(l at energies of ~few - 10 MeV/u
is of particular interest for nuclear astrophysics and nuclear structure
studies. The determination of reaction cross sections on 3* ™£Cl will
have a direct application to the usefulness of the 3*S/32S abundance
ratio in pre-solar grain classification (see Refs. [16-19] and references
therein). These solar grains, produced in the dust of cooling nova, can
provide new insight into the origins of nova and the creation of the
heavy elements. In addition, the single-neutron adding (d, p) reaction
on 3* "&Cl could be carried out, where the differing initial J values of
3gCl (J = 0%) and 3*"Cl (J = 3*) will result in the select population of
35(] states through the same orbital angular momentum transfer of the
neutron, analogous to Refs. [6,9]. Higher-J values become accessible in
the 3*"Cl(d, p) reaction case, and the observation of the cross sections
between the overlapping states in 34Cl and 3°Cl can provide new insight
on the single-particle contributions to mirror energy differences (MEDs)
in A =35 nuclei [20].

2. Experiment

The production rate of 34Cl along four different slices of the mo-
mentum distribution was measured. In addition, two beam-line settings
were used to explore the effects of the entrance angle of the primary
beam at the target on the production rates. The 34Cl yields and relative
beam purities for each beam setting were determined by direct ion
counting in the beam-line detectors. The isomeric 34Cl content of
the beam was extracted using known y-ray transitions following the
p—delayed decay of the 3*"Cl isomeric state [13,14].

The experiment was carried out at the National Superconducting
Cyclotron Laboratory (NSCL) at Michigan State University. The 34Cl
beam was produced at energies around ~112-119 MeV/u by impinging
a primary beam of 36Ar'8* at 149.3 MeV/u on a 3.06 mm thick Be
target. The A1900 fragment separator [21] was used to sample slices of
the resulting *Cl momentum distribution by use of a 0.5% momentum
selection slit at the midpoint of the A1900 in conjunction with the
rigidity setting of the first half of the separator. An achromatic degrader
with a thickness of 150 mg/cm? at the midpoint of the A1900 was
used to deliver the isotopes reaching it to the final A1900 focal plane
dispersed not in momentum but according to differential energy loss
in the degrader as a function of nuclear charge Z. The rigidity of the
second half of the A1900 was set to center the 34Cl within the dispersive
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slits at the final focal plane. The slit-spacing was set to optimize the
purity of the 3*Cl beam with respect to other isotopes. A 340 pm
thick BC400 scintillator detector, also located at the A1900 midpoint,
provided a timing signal for time-of-flight (TOF) measurements made
with the downstream experimental setup.

The magnetic rigidity of the first half of the A1900 just downstream
from the target are given in Table 1 for the four unique momentum
settings. The settings were designed to encompass the calculated Bp, =
3.3235 Tm corresponding to the maximum of the 3*Cl yield from the
LISE++ fragment separator simulation code [22]. The settings ranged
from ABp, = —1.75% to +0.75% with respect to this value. No mea-
surements were made from approximately —0.5% < 4Bp, < +0.5%
because the rate from the unreacted 36Ar primary beam was too high
for our setup at the A1900 midpoint. In addition, the two settings
which introduced angles into the incoming primary beam onto the
production target in the dispersive direction are also listed, where
both positive and negative angles were measured for completeness.
These settings (settings 5 and 6), were based on the Bp, , of setting
1 and represented the minimum and maximum angles allowed by the
beam line geometry upstream from the target, ~ +3 degrees, without
observing significant loss of incoming beam intensity. The beam-on and
beam-off times for each setting, ¢, and #,, respectively, are given in
Table 1. The data was continuously acquired for the full beam-on and
beam-off cycles between times ¢, and ¢,, while the A1900 settings were
changed during the beam-off time between times ¢, and #,. Subsequent
analysis was performed for the entirety of a beam on/off cycle (7, to
1,). During the beam-off cycles, the currents measured for the fully-
stripped 3°Ar primary beam were 0.014 enA, 0.0046 enA, 0.0165 enA,
and 0.0235 enA for settings 1 through 4, respectively.

The secondary beam was delivered from the A1900 fragment sep-
arator to the experimental end station for each separator and beam
setting ( Table 1), where the composition of the beam at the experi-
mental end station was the same as that observed at the A1900 focal
plane. The experimental setup consisted of 3 silicon PIN detectors with
thicknesses of 503 pm, 488 pm, and 1041 pm, a CeBrs implantation
detector with dimensions 51 mm x 51 mm x 3 mm, 15 LaBr; detectors
with 1.5-inch right cylindrical crystals [23], and 16 HPGe detectors
which comprised the Segmented Germanium Array (SeGA) [24]. The
first PIN detector was used for particle identification via its energy loss
(4E) and the relative time-of-flight (TOF) obtained between it and the
A1900 scintillator, with the others being present for redundancy. The 3-
mm-thick CeBr; implantation detector was coupled with a Hamamatsu
H13700 16 x 16 Position Sensitive Photo Multiplier Tube (PSPMT),
as shown in Fig. 1(a). The CeBr; implantation detector signals con-
firmed the transmission of all ions from the PIN detectors and LISE++
calculations indicated that all ions stopped within the detector. The
16 SeGA detectors surrounded the CeBr; implantation detector for use
in y-ray detection [Fig. 1(b) and (c)]. This SeGA configuration is called
the “betaSeGA” configuration. At 662 keV, the SeGA had a nominal
energy resolution and efficiency of 0.86 keV and 4.48%, respectively.
The LaBr; detectors were not used in the present analysis. A schematic
view of the experimental setup with the detectors described above and
showing the beam direction is given in Fig. 1(d).

Each detector sub-system was readout through a digital data acqui-
sition system utilizing XIA PIXIE-16 modules [25]. Data were collected
without the need of a master trigger requirement. Due to the overall
low ion implantation rate (< 1 — 2 kHz), there were no lost events due
to dead-time in this so-called trigger-less mode. The rates at which the
incoming signals were digitized were 100 MHz for SeGA, 500 MHz for
the CeBr; energy, and 250 MHz for the CeBr; positions. The timestamp
information associated with the PIN detector beam ion events and the
SeGA y-ray events was used to determine the relative beam-on/data-
collection start (#,), beam-off (¢;), and data-collection stop (t,) times
(Table 1). In addition, the acquisition remained running continuously
throughout the entirety of the measurements, hence, the time stamps
provided accurate relative times between different settings as well,
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Table 1
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The percent offset from the calculated Bp of maximum 34Cl yield, 4Bp,, the corresponding magnetic rigidity
values, Bp, ,, of the first two A1900 dipoles, and the 3*Cl energy at the A1900 Focal Plane, are listed for
each of the six beam settings. The beam-on (#,), beam-off (7,), and data-collection stop (,) times are also

given for each setting.

3401

4Bp, Bpi, Energy Ty I L

[%] [Tm] [MeV/u] [x10° s]
1 +0.75 3.3484 118 0.0 7.1 11.1
2 -0.75 3.2985 115 111 14.8 17.7
3 -1.25 3.2819 114 17.7 22.1 28.9
4 -1.75 3.2653 112 28.9 34.0 42.2
54 +0.75 3.3484 118 42.2 45.8 48.3
6° +0.75 3.3484 118 48.3 51.1 56.5

2A +3° angle was introduced into the primary beam onto the production target.

PA —-3° angle was introduced into the primary beam onto the production target.

CeBr;
Implantation
Detector

detector

(d) Upstream Downstream
SeGA SeGA
detectors detectors

PIN
Beam detectors
— 1l U

CeBr; Implantation
Scintillator +
PSPMT

Fig. 1. (a) An image of the PSPMT coupled with the CeBr; implantation detector. (b) A drawing of the experimental end station used in the isomer determination. (c) An image
of the experimental beam pipe looking upstream, showing the 8 HPGe SeGA detectors surrounding the beam pipe containing the CeBr; implantation detector. (d) Schematic view

of the experimental setup and detectors used for data analysis relevant to this work.

i.e. for beam settings other than 1, the start times, #, equal the data
collection stop times, ¢, of the previous setting.

A standard use of the “betaSeGA” configuration has been the detec-
tion of implanting ions followed by correlations with the subsequent
decays. However, the relatively long lifetime of **"CI (T, ;, = 31.99 min)
did not allow for such a correlated analysis. Instead, the rate and total
number of y-rays belonging to the 3*”Cl decays was accounted for over
fixed time ranges (Table 1).

To determine the content of34™Cl in the beam through the number
of y rays that were emitted, a calibration of the energy, ¢, and energy-
dependent absolute efficiency of the SeGA array, was carried out.
A NIST standardized source comprised of '*!5Eu was used for the
efficiency determination and the energy calibration. A linear energy
calibration was applied and monitored throughout the measurement by
comparison with known background y rays. A GEANT4 [26] simulation
was utilized to mimic the experimental setup and deduce the energy-
dependent behavior of the y-ray detection efficiency. The simulation
was validated through a comparison of the data taken with the NIST
source placed on the face of the CeBr; implantation detector. No
impact on the efficiency (¢) was observed for the energy region of
interest when variations in implant depths of 34Cl within the CeBrg
were explored across each beam setting. Fig. 2(a) shows the GEANT4
geometry for the 8 downstream SeGA detectors. Fig. 2(b) shows the
resulting simulated efficiency for beam setting 1, plotted on a log—
log scale for easy fitting of the parameters. A conservative systematic
uncertainty of 5% was adopted over the energy region of interest (E, ~1

- 3.5 MeV). This is based on a comparison of the simulation with the
source data at the lower energies, where efficiencies are most sensitive,
and to account for the extrapolation of the efficiency function beyond
the maximum source energy, E, ~1.4 MeV.

3. Analysis & results

Fig. 3(a) shows the 34Cl rates determined at the exit focal plane of
the A1900 as a function of 4Bp, for the first four settings. The yields
for the primary beam angle settings (settings 5 and 6 of Table 1) are
not included because of the extra uncertainty associated with the 36Ar
primary beam current measurement. The 3*”Cl isomer content relative
to the total 34Cl beam, as determined at the detector station, is shown
in Fig. 3(b) for all four 4Bp, settings, as well as the two primary-beam
angle settings. The black bands in the horizontal direction on each data
point illustrate the 0.5% momentum acceptance sampled in each beam
setting ( Table 1). The gray shaded bands in Figs. 3(a) and (b) define
the excluded region due to the acceptance of the primary beam 3¢Ar
on the A1900 timing detector. The orange histogram in Fig. 3(a) shows
the prediction for the 34Cl yield as a function of 4Bp,, with the peak of
the distribution being placed at 0, from the LISE++ fragment separator
simulation code (version 12.1.2 with option and configuration file
“A1900_2019”) [22]. The 36Ar!8+ primary beam current was relatively
low (< 0.1 enA) as required to keep the implant rates reasonable. This
resulted in some intensity fluctuations and a systematic uncertainty of
~10% on the extraction of the A1900 rates in pps/pnA.
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Fig. 2. (a) The geometry of the experimental setup as viewed in the GEANT4
simulation used for the energy-dependent efficiency determination of the SeGA. (b) The
resulting energy-dependent efficiency curve e for setting 1 (solid line). The data points
indicated in black are the y-ray energies used for the simulated data after validating
the configuration with a standardized source.
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Fig. 3. (a) The measured 3*Cl beam rates at the A1900 separator Focal Plane (FP)
(green points with error bars) normalized to incoming beam current as measured at
the target position are given as a function of the percent in rigidity off from the LISE++
expected maximum rate (4Bp,). The distribution of the estimated rates from LISE++
are also shown for 3*Cl (orange filled histogram) and they have been scaled to the
measured 34Cl beam-rate data. (b) The measured isomer fraction in the 34Cl beam
at the experimental end station, **"Cl/34Cl, is shown for the four 4Bp, settings (red
points) as well as the two primary beam angle settings (blue points). In both (a) and
(b) the horizontal bars on each data point indicate the 0.5% momentum acceptance
of the A1900 separator and the vertical error bars are shown when greater than the
size of the data point. The gray band in both (a) and (b) also identifies the excluded
momentum region of the measurement due to overlap with the unreacted 3°Ar primary
beam Bp.
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Fig. 4. (a) A representative particle identification plot for beam setting 1, consisting of
the energy loss 4E in the first PIN detector and the TOF between the A1900 scintillator
and the first PIN detector. (b) Examples of varying sizes of graphical cuts explored to
determine the total number of 3*Cl beams ions for beam setting 1.

Fig. 4 shows a typical particle-identification (PID) plot for beam
setting 1. The isotope of interest,34Cl, was identified based on compar-
isons with reference PID plots made at the A1900 fragment separator
Focal Plane, which are also based on measurements of energy loss vs.
time-of-flight, and easily separated from other beam contaminants. In
addition to the beam contaminants,32P and 33S, shown in Fig. 4,3°Ar
was also observed in settings 3 and 4.33S, being a stable nucleus, was
not observed in the gamma ray spectra, as well as decays from 32P
because of its long half life of 14.268(5) days [27] compared to the
implantation rate. 3°Ar with T; 2 ~ 178 sec, allowed for a correlated
implant plus decay via a 1.23% decay branch and the 1219.3(2) keV y
ray [28] during beam setting 4. Thus, the 34Cl selection in the PID was
independently corroborated from A1900 fragment separator PID refer-
ence plots. Finally, the transmission of 34Cl beam ions from the first PIN
detector to the CeBrs implantation detector, a distance of ~1 m, was
determined to be ~100%. This was deduced through the ratio of counts
in the CeBr; PSPMT dynode energy with the corresponding number of
counts observed in first PIN AE signal over a fixed time period.

The average implant rate of the3* #™Cl beam was calculated by tak-
ing the integral of a graphical cut made on the 3*Cl region encompass-
ing the beam-on time period for each setting (1, — ;). Uncertainties
due to the size and shape of the graphical cut were explored for each
setting, see for example, the two different graphical cuts in Fig. 4(b).
Similar to the A1900 rate determinations, an additional systematic
uncertainty of ~10% was included due to possible fluctuations in the
primary beam current.

In order to interpret the present data, a review of the known g-
delayed y-ray decay scheme of 3#Cl was necessary [13,14] (Fig. 5). The
34Cl isotope has two known long-lived beta-decaying states namely, the
ground state (3*8Cl, J* = 0*) and the isomeric state (3*™Cl, J” = 3%)
state. The decay of3*¢Cl has a half life of 1.5266(4) s and decays
via f* into the ground state of 3*S with a branching ratio of 100%,
producing no y-ray transitions.3*™mCl has a half life of 31.99(3) minutes
and can decay via p* decay with a branching ratio of 54.3% (with
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Fig. 5. The previously deduced p* decay scheme of*mCl (J* = 3%, T, =

31.99(3) minutes) with a branching ratio of 55.4(6)% [13,14]. The red boxes indicates
the three y rays utilized in the present work.

a 1.1% electron capture branch, summing to a decay branch total of
55.4%) or internal transition with a branching ratio of 44.6%, where
this latter branch is split between emission of a 146-keV y ray (38.3%)
and conversion electron emission (6.3%). The 146-keV transition was
largely suppressed by the CeBr; implantation detector and the little
yield that was observed by the SeGA detectors sat upon the Compton
background and thus carried large statistical uncertainties. Therefore,
it was not used in the final analysis. The g* decay of**™Cl results in
3 easily observable higher-energy y-ray transitions, the 1176.650(20)
keV 2; - 21+, the 2127.499(20) keV = 21+ - 01*, and the 3304.031(20)
keV = 2;’ - O'l".

The complete set of the six different beam settings may be visualized
from the plot of the y-ray energies versus their corresponding time
stamp values in Fig. 6. The six vertically dense areas on Fig. 6 show the
beam-on periods. The red lines in the figure identify the 1177-, 2127-,
and 3304-keV y-transitions following the decay of 3*"Cl. To determine
the rate of34™Cl for each beam setting, a projection on to the SeGA
energy axis of Fig. 6 was taken encompassing 7, < t < t, (Table 1).
Fig. 7 shows typical y-ray energy spectra, without energy-dependent
efficiency corrections, for the transitions of interest over the first beam-
setting time range. Each y-ray peak was fitted using a Gaussian function
and a linear background to extract the number of counts. The same
fitting method was applied to all six settings. The resulting numbers of
raw counts of the3*™Cl y-rays of interest are shown in Table 2 along
with their associated uncertainties.

The decay branching ratios BR (Fig. 5) and SeGA efficiency cor-
rections, €, were implemented on number of counts extracted for each
34mCl y ray, A,,, to determine the number of3*™Cl decays, N,, which
took place over each ¢, — t, measuring period. Namely,

Am
Ny=—om M
e(E,) x BR

The energy-dependent efficiencies of SeGA were determined to be
€(1177 keV) = 3.2(2)%, €(2127 keV) = 2.3(1)% and (3304 keV) =
1.6(1)%. As noted in Section 2, the dependence of the efficiency was
explored independently for each beam setting and no significant vari-
ations were observed. The branching ratios of the 3 y-rays of interest
were taken from Refs. [13,14], i.e., BR = 14.09(24)%, 42.8(8)% and
12.29(22)%, in increasing y-ray energy, respectively. The resulting N,
are given in Table 2. Uncertainties include those from the efficiency
and branching ratios, as well as those from statistics. The N, for the
3304-keV transitions was found to be reduced systematically across all
settings, however, it was within the quoted uncertainties.

The rate of the isomeric 3*"Cl beam component, R,,, was extracted
from the deduced N, of each y ray ( Table 2) after correcting for
any previous beam-on decay events, C,, and then normalizing to the
expected number of decay events which accounted for the half-life of
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the isomeric state during the build-up/beam on (7, — ¢,) and decay
(1, — t,) portions of the measuring period, E,. Standard exponential
equations were used to estimate the build-up and decay terms. The full
expression is represented as,

Ny~C, =R, - E,

1 5]
E, =/ (l—e_’l(’_’o))dt+/ e M=t gy
% n 2
— B
C, =R, [ / ey,
fo

1o is the time the beam was turned on, ¢, the time when the beam was
stopped, and ¢, the time when data collection ended, all in seconds (see
Table 1). 4 =1n(2)/T, pn= 0.000361 [1/sec] based on the known isomer
lifetime of 31.99 min [14]. Each primed variable indicates values taken
from previous beam settings. The weighted average of the individual
R,, for the six settings, R, are given in Table 3. The other values of
Eq. (2) are listed in Table 2. While the long half-life of 3*”Cl meant
that saturation did not necessarily occur for each beam setting, the
~ 100% transmission and implantation of beam ions, coupled with the
use of known y-ray intensities for our analysis, meant that we could
still accurately count the decays and implanted ions such that the only
impact for not achieving saturation was improved counting statistics.

A constant incoming beam rate was assumed over the beam on
period, however as noted above, fluctuations were observed in the
direct measure of the overall rate. Therefore, a systematic uncertainty
of ~10% has also been added to the 3*"Cl rate determinations. Because
extraction of the isomer fractions relied only on the ratios of the 3#"Cl
and 34Cl rates, fluctuations in the primary beam current did not play a
leading role in their associated uncertainties. For the C, correction term
of Eq. (2), R_m, was = 0 for setting 1. In most cases this correction was
< 6% except for settings 3 and 6, which were impacted at the ~20%
level due to their close proximity to the previous beam-on periods
(Table 2).

4. Discussion

Based on the results presented in Table 3 and Fig. 3, the maximum
rate of the 3#"Cl isomeric beam over the 4Bp, region probed was found
for the 4Bp, = —0.75% setting. However, this setting has a reduced ratio
of isomer to ground state, 3*"Cl/34Cl ~36%, relative to other settings.
In particular, the largest 3*Cl fraction could be found at the largest
momentum setting explored, 4Bp, = —1.75%, though at a reduced
overall production rate.

A comparison is made with the 3¥”K isomer production study of
Ref. [12] in terms of the trends of the isomer-to-ground state content
as a function of 4Bp,. As noted in the introduction, these two nuclei
have similar structure, only with an inversion of the energy-ordering
of the J” = 0% and 3* states. Also, the production method of Ref. [12]
is analogous to present work. Both of these relatively low-J isomers
are populated with fractions ranging from ~ 30 — 60% via intermediate
energy fragmentation. For reference, via fragmentation of 58Ni, the
estimated isomer population of the much higher J = 19/2~ isomeric
state in 53Co was =~ 27% [5]. Both studies also find that a modification
of the primary beam angle on the production target had no positive
effect on increasing the isomer fraction (blue points in Fig. 3).

The maximum value of the isomer content is similar for both 3"Cl
and 3¥"K for the 4Bp,, regions that were investigated (~ 50 — 60%). The
maximum 3*"Cl fraction observed lies at 4Bp, = —1.75%, while the 3¥"K
fraction observed peaked at ABp, = +1%. Also, the *"Cl component
was found to increase with larger separation from Bp,, opposite to the
trend of the 3K component. The differing trends in production of 3#"Cl
and K are possibly related to the interchange of the isomer and the
ground state J” values. Namely, it appears that the relative yields to
the 3% levels increase over the 0% levels resulting in increased isomer
production in 34Cl and increased ground state production in 3¢K. Even
though the states involved are relatively low-spin, it is possible the
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Table 2

The extracted number of counts and the deduced number of 3*"Cl decays (N,) are listed for each y ray of
interest along with their associated uncertainties. For each setting, the number of decay events corresponding
to the previous beam-on period (C,), and the expected number of decay events per isomer implant rate
(E,), described in Eq. (2), are listed with their associated uncertainties.

E, Counts N, C, E;*
[keV] [x10%] [x10°] [x10°] [x10%]
1177 2.40(17) 5.28(47)

1 2127 5.14(12) 5.26(31) - 6.66
3304 0.908(63) 4.82(42)
1177 3.77(16) 8.31(56)

2 2127 8.02(15) 8.24(46) 0.46(5) 3.46
3304 1.420(64) 7.51(52)
1177 4.72(19) 10.32(68)

3 2127 9.73(16) 9.95(55) 2.09(21) 4.73
3304 1.680(69) 8.92(60)
1177 6.45(22) 14.22(89)

4 2127 14.46(20) 14.70(81) 0.40(4) 5.40
3304 2.651(89) 14.00(88)
1177 2.38(15) 5.27(43)

5 2127 4.99(12) 5.13(30) 0.33(3) 3.23
3304 0.873(58) 4.68(40)
1177 3.87(18) 8.60(60)

6 2127 8.30(17) 8.49(48) 1.55(16) 3.41
3304 1.546(74) 8.15(59)

3All values have been assigned a systematic uncertainty of ~10%.

Table 3

The 34Cl beam rates measured at the A1900 Focal Plane (FP) are listed for the first four settings, settings 5 and 6 did not allow for accurate
primary beam current measurements. The 3*Cl beam purity and implant rates are also given along side the extracted 34™Cl isomer implant
rates (R,,) and the 34mCl percent (/34Cl) in the composite 3*Cl beam. An approximate measure of total 3mCl rate for each setting based on the
A1900 FP rates, is shown the last column. For this case, the rates have been normalized to the maximum value which was found for setting
2. Systematic and statistical uncertainties have been included (see text for additional details.).

Setting 4Bp, 34qal 34mc]
[%] A1900 FP rate Implant rate Purity R, /34l /34Clx A1900 FP rate
[x10° pps/pnA] [pps] [%] [pps] [%] [arb. units]
1 +0.75 5.7(6) 250(27) 56.4 77(9) 31(2) ~40
2 -0.75 11.8(12) 604(66) 84.1 219(23) 36(2) ~100
3 -1.25 6.4(7) 415(45) 86.1 162(17) 39(3) ~60
4 -1.75 3.6(4) 544(60) 54.5 258(27) 47(3) ~40
5 +0.75 - 561(61) 52.8 145(17) 26(2) -
6 +0.75 - 939(102) 58.5 201(22) 21(2) -

AJ = 3 is large enough to contribute to variations in the population
irrespective of excitation energy. As noted in Ref [29], the width of the
residue momentum distributions in the direct removal of a neutron-
proton pair can vary significantly depending on the final state. For 34.
Cland 38K, the J = 0* and J = 3™ states arise from the same underlying
single-particle structure. The similar production mechanisms used for
34mC] in this work and 3%”K in the work of Ref. [12], i.e., the likely
removal of a 1d3, neutron and a 1d;, proton from the primary beam in

both cases, suggests the population of the 0" and 3* states in both 34Cl
and 38K could be expected to be similar with the momentum widths
being largely governed by the angular momentum component of the
LS decomposition of the two nucleon overlap. Therefore, comparatively
wide J = 3* and narrow J = 0" momentum distributions qualitatively
explain the observation of an increased yield to the J = 3% level relative
to the J = 0% level further from the central momentum or calculated
Bp, in 34Cl, as well as what is reported in Fig. 3 of Ref. [12]. Detailed
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Fig. 7. Projected y-ray spectra from Fig. 6 onto the energy axis for the 3*"Cl lines of
interest encompassing the time duration #, — , of setting 1 (Table 1).

calculations for these nuclei are complicated due to the competition
between direct and indirect contributions to the reaction yields, and
hence, are beyond the scope of the present work. The concept is further
emphasized considering that the majority of bound excited states with
larger J values (J 2 3) are known to preferentially feed into the 3*
over the 0" in these isotopes [14,15].

It is worth noting, as explored in Ref. [12], that some control over
the fraction of the isomer content may also be found through variation
of the length of the charge breeding time. For example this would
take place in an Electron Beam Ion Trap/Source (EBIT/S) at the ReA
Facility at FRIB. In terms of 34Cl, stretching the charge-breeding time
would increase the fraction of the longer-lived isomer (T} X 32 mins)
relative to the shorter-lived ground state (7, ~ 1.6 sec). For the ratio
of 3"Cl/3*Cl, a charge breeding time of 2000 ms (the maximum charge
breeding time reported in Ref. [12]) could result in an improvement up
to roughly a factor of 2. Of course, the total amount of 34Cl would also
diminish under these conditions.

5. Summary

In summary, we have measured the beam production rates and
isomeric state composition of 3*"Cl via fragmentation at the NSCL
using different momentum settings of the A1900 fragment separator
to sample unique slices of the 3*Cl momentum distribution. The ABp =
—0.75% setting of the A1900 yielded the maximum rate of the 3*"Cl
isomeric beam, while the largest 3*"Cl fraction is found at 4Bp, =
—1.75%. Comparison to a similar study on 38mK production [12] yields
the interesting result that the isomeric state rates are maximized on op-
posite sides of their respective momentum distributions. This difference
could possibly be attributed to the spin difference between the J* = 0*
states (**¢Cl and 3¥"K) and the J* = 3* states **"Cl and 3¢K). The
new information on isomeric state beam production will help provide
guidance towards future experiments reliant on such beams.
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