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In radioactive ion beam experiments, beams containing isomers can be of interest in probing nuclear
structure and informing astrophysical reaction rates. While the production of mixed in-flight ground state
and isomer beams using nucleon transfer can be generally understood through distorted wave Born
approximation methodology, low-spin isomer production via fast fragmentation is relatively unstudied. To
attain a practical understanding of low-spin isomer production using fast fragmentation beams, a test case
of 38K /38K was studied at the National Superconducting Cyclotron Laboratory’s ReAccelerated Beam
facility. Starting from LISE++ predictions, the fragmentation momentum distribution was sampled to
determine isomer production. In addition, the effects of the gas stopper gradient and charge breeding times
were examined. In the case of **K, isomer production peaks at ~57%. This maximum is observed just off
the LISE++ predicted optimum magnetic rigidity, with only small losses in beam intensity within a few
percent of this optimum rigidity setting. Control of the isomer fraction was also achieved through the
modification of charge breeding times. Fast fragmentation appears to be a feasible method for production of
low-spin isomeric beams, but additional study is necessary to better describe the mechanism involved.

DOI: 10.1103/PhysRevAccelBeams.21.121301

I. INTRODUCTION

As techniques for producing radioactive ion beams con-
tinue to improve, additional opportunities arise. Among these
is the possibility to study nuclear reactions on strongly
populated isomeric states within the beam. In some cases, an
isomer may be of interest for probing otherwise inaccessible
nuclear structure information [1-4]; in other cases, such as
26A1 and 38K, astrophysical reactions on the isomer can play
an important role in the reaction network [5].

The techniques necessary for creating mixed ground state
and isomer (g + 1) beams, however, have not been thor-
oughly explored. The population of low-lying isomeric states
using nucleon transfer at a few to tens of MeV/u (see, for
example, Refs. [5,6]) can be reasonably well understood
using distorted wave Born approximation formalism.
Isomeric beams have also been demonstrated using the
isotope production online technique (e.g., [l]), with
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selection [2] and postacceleration [3] being achieved with
the application of resonant laser ionization. In fragmentation
reactions on fast beams, however, low-spin isomer production
is not well reproduced by models, though higher spins in
higher mass regions are more accurately predicted (see, for
example, Ref. [7]); fast beam fragmentation is generally used
in large-scale searches for high-spin isomers [8—11], though it
has been observed to produce medium-spin isomers as well
[12]. However, fast fragmentation has several potential
benefits over production via in-flight transfer reactions:
Instead of having to retune the driver (primary) beam energy
to the peak of the differential cross section for each ¢ transfer,
a single beam energy can be utilized for relatively similar
production of both the ground state and isomer; and the
techniques used to stop and reaccelerate the fragmentation
beam can be used directly to alter the ground state to
isomeric ratio.

In the current work, **K was studied as an example case for
the production of low-spin isomer beams using fast frag-
mentation. 38K contains a 0T isomer at 130.4 keV [13] in
addition to its 3" ground state. **K is of particular interest for
beam development, as the 3¥K(p,y)*Ca reaction is an
important link in the astrophysical rp process, and the
nucleosynthetic flow is bottlenecked by the beta decay of
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Schematic layout of the in-flight beam production and beam stopping and charge breeding portions of the National

Superconducting Cyclotron Laboratory, from the exit of the A1900 to the exit of the EBIT, with relevant devices labeled. The detectors

used in this study were located at these three locations.

38Ca leading to the population of 3¥K for possible capture
[14,15]. While the proton capture on the ground state has
been studied [16,17], capture on the isomer may also play a
significant nucleosynthesis role, particularly as the decay
branch from *¥Ca to the 3®*K isomer is 76.5% [13].

II. BEAM PRODUCTION

Critical to the production of rare isotope beams via
fragmentation is a fragment separator or spectrometer; in
this work, the A1900 device [18] was used (see Fig. 1).
The A1900 has a full momentum acceptance of 5.5%, but
in the current measurement the momentum slits were
adjusted to allow only 0.5% (£0.25%) acceptance. The
transmission and yield of the various reaction products
through the A1900 was modeled utilizing the code LISE++
[19], which provides various models for the reaction
mechanism and accounts for the various electromagnetic
components along the spectrometer beam line, any
degrader or stripping foils along the beam path, etc.
While LISE++ does not provide estimates of isomeric
content, it can be used as a starting point based on
estimates for total isotopic production. Based on both
LISE++ predictions [19] for total 3®K beam production as
well as a previous measurement where some *¥”K was
observed in a K beam produced via fragmentation
and reacceleration at the National Superconducting
Cyclotron Laboratory’s ReAccelerated beam (ReA) facility,
nominal starting parameters for each device were chosen.
The LISE++ version 10.0.6 calculations utilized the universal
parameterization of Ref. [20] as the mean fragment velocity
model and adopted the settings from the A1900_2016 option
and configuration files.

This nominal setting used a *°Ca primary beam from
the Coupled Cyclotron Facility (CCF) at 140 MeV /u,
impinged onto a beryllium fragmentation target. The
A1900 fragment separator [18] was used to select 3¥K
with a momentum acceptance of 0.5%, and the standard
suite of A1900 detectors (various beam current monitors,
timing scintillators, etc.) was used to determine **K purity
and beam intensity. Reducing the A1900 momentum

acceptance from its maximum 5.5% to 0.5% using the
momentum slits allowed for the momentum distribution
to be sampled more precisely without each step over-
lapping. This mixed g+ 1 beam was then stopped in
the Argonne Gas Stopper [21] and charge bred to 17+ in
the electron-beam ion trap (EBIT) [22,23], which is the
optimum charge state for charge breeding efficiency,
minimization of contaminants, and matching the g/A
range of the ReA linac. Beta decay implantation counters
were placed at the end of the A1900, after the Argonne
Gas Stopper, and after the EBIT, to measure the ratio of
isomer to ground state. Because the lifetimes of the
ground state (7.636 min) and isomer (924 ms) are well
known [13], beam implantation and subsequent beam-off
beta decay curves could be used to determine the ground
state to isomer ratio, as shown in Fig. 2. Efficiency-
calibrated single-crystal HPGe detectors were also placed
near these locations to get a secondary measurement of
the 3K ground state beam intensity.

In order to probe the relevant parameter space, several
settings were sampled: the momentum distribution of the
fragments in the A1900 first segment, the fragmentation
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FIG. 2. Example output of the fitting function used to analyze
the beta decay curves and determine the isomeric ratio. The
ground state and isomer lifetimes are known; the implantation
time, beam-off time, run stop time, and offset (background counts
due to the remaining decay from the previous decay spectrum
measurement) are left as free parameters in the fit.
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target thickness, the reaction-separator angle, the gas
stopper electric field gradient, and the EBIT charge
breeding time.'

III. ANALYSIS

Results for settings in the A1900 and Argonne Gas
Stopper are shown in Fig. 3. A distribution of isomer
content as a function of the percent change from the LISE++
[19] predicted optimum B,,; , for the production of **K with
the A1900 is observed,” with the distribution appearing
slightly narrower for the thinner fragmentation target
(235 mg/cm?) versus the thicker target (987 mg/cm?).
The slightly asymmetric shape of this distribution follows
closely the shape of the fragment Bp and momentum
curves predicted for )Ca + *Be — *®K (total production) in
LISE++, with an overall offset of +1%. In addition to the
samples taken along this momentum distribution, a meas-
urement was taken with the fragmentation target at a higher
reaction angle with respect to the beam or separator; to
accomplish this, the primary beam tune was adjusted to
impinge on the fragmentation target at the largest incident
angle allowed by the diameter of the upstream beam pipe
(approximately 2°), thus sampling a different angular range
with respect to the reaction. Within uncertainties, this
change did not affect the isomer production ratio. A peak
isomeric ratio of about 56%—57% was observed, at a B,; »
value of about +1% above the LISE++ predicted optimum.

The Argonne Gas Stopper gas cell gradient was
also examined. The isomeric fraction produced with the
“nominal” gradient setting, which applies a gradient which
is nonconstant and discontinuous between anodes, is
shown as the dashed line in Fig. 3. Above a certain average
gradient (true of both the constant and nominal gradient
settings), the time the ions spent slowing in the gas was
minimized, hence minimizing the losses to the short-lived
isomer.

In addition to the isomer fraction, the absolute beam
intensity and transmission efficiency through the stopping
and charge breeding steps are also important when plan-
ning an experiment using an isomeric beam. After the ions
have exited the Argonne Gas Stopper cell, they are injected
as a continuous beam into a beam cooler and buncher trap
[24] and accumulated for a time equal to the charge
breeding time. After accumulation, an ion pulse is injected

'Because the ratio and not the absolute intensity was the goal of
these measurements, each setting was not carefully tuned through
each element, so transmission losses did occur. For this reason,
we do not report absolute intensities but only basic trends.

ZB/,]_Q, or rigidity of the A1900 first segment, prior to the
wedge. This setting is based entirely on the fragmentation
reaction, and its value is a direct property of how the beam
interacts with the target, whereas the rigidity of the second
segment may differ from the reaction kinematics based on the use
of a wedge or degrader. The entire device was scaled appropri-
ately for each step.
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FIG. 3. Isomer content as a percent of the total *¥K rate for some
of the different parameters varied. Top panel: Isomer content in
percent as a function of the percent change, positive or negative,
off the LiSE++ [19] predicted optimum B, , for **K production
with the A1900, for two different fragmentation target thick-
nesses (thicker target, black; thinner target, blue). The gap around
—1% for the thicker (987 mg/cm?) beryllium target is the
location of the primary CCF beam. The momentum acceptance
of the A1900 for this measurement is 0.5% (£0.25%), so these
data represent the center of the momentum “bite” at each step. In
addition, two measurements were taken at a high angle between
the fragmentation target and the A1900 for the thicker target,
shown as a green x. The high angle did not alter the results,
within uncertainty. Bottom panel: Isomer content in percent as a
function of the gradient, in V/cm, in the Argonne Gas Stopper.
The red dashed line shows the isomer fraction when using the
“nominal” gas cell gradient settings, which is a nonconstant and
noncontinuous field. The three points, all taken with the thinner
fragmentation target, represent constant gradient settings.

into the EBIT for charge breeding. Figure 4 shows the
isomer fraction (beginning from the optimum setting from
the A1900), *¥K purity, and intensity of contaminants with
the same A/ g for the different EBIT charge breeding times
sampled. A loss of approximately 33% total beam intensity
was seen between charge breeding times of 150 and
1500 ms, but with a corresponding drop in the isomeric
fraction of more than a factor of 2. Breeding to optimize a
different extracted charge (other than 17+) would alter this
ratio, as it changes the breeding times. However, due to the
various constraints mentioned previously, not all charge
states would be feasible for beam production. The intensity
of the contaminants is a function of the breeding time and
not of the incoming (stopping) beam rate, so increased rates
of the beam of interest would also result in higher purity.
This measurement observed attenuated beam rates of
up to ~8000 pps, but the attenuators, nominally factors of
10, 100, etc., are not precisely calibrated, and therefore
an absolute intensity cannot be obtained. However, some

121301-3



K. A. CHIPPS et al.

PHYS. REV. ACCEL. BEAMS 21, 121301 (2018)

60 T
g |t
g |
- t
S 40t -
o
Q
: f i
2 20 E _
R
oH | | | | | | | H30 &
- —25 &
150 B
N + 3 3 7205
= s 4155
X | ~
- 10 5
N 1’ g
g 1042\ | | &
2 -
g 5[ X * * _
= 100E
<
g
E 100 = -
=1
e L 4
o 10 Ll ! ! \ \
0 500 1000 1500 2000
EBIT breeding time (ms)

FIG. 4. Top panel: Isomer content as a percent of the total 33K
rate for different breeding times of the EBIT. The changing ratio
follows the general trend dictated by the two different lifetimes,
but additional losses such as ions escaping the EBIT trapping
potentials during the charge breeding process can be observed. A
breeding time of “zero” represents the starting isomer percentage
prior to breeding; this ignores the additional decay time spent
during accumulation in the cooler buncher. Middle panel: Percent
efficiency for extracting the total 3K beam (ground state plus
isomer) from the EBIT. Bottom panel: Rate of contaminants,
mostly stable *3Ar from the EBIT residual gas, extracted from the
EBIT for the different breeding times.

conclusions can be drawn. The maximum unattenuated rate
of contaminants arising from charge breeding is on the
order of 3000 pps (cf. Fig. 4), an effect of the breeding time
and not the rate of the stopped beam [23]. This indicates
that the rate of contaminants in the beam of interest should
be smaller than ~3000/8000 by at least the true attenuation
factor, in addition to any gains in the intensity of the
incoming (stopping) beam. Because of the need to charge
breed in order to reaccelerate, the maximum isomeric
content in an in-beam measurement would be less than
the peak seen at the exit of the A1900.

IV. CONCLUSION

Beams of ground state and isomeric content 38K /3%"K
were successfully produced via fast fragmentation and
separation using the A1900 separator at the National
Superconducting Cyclotron Laboratory. Changing the
charge breeding time in the EBIT proved the most effective
method of varying the percentage of the beam which was in
the isomeric state without substantial losses in intensity.
Combining an A1900 setting with a smaller isomeric
fraction production with a longer EBIT breeding time
(~2 s) could provide an isomeric content as low as 5%,
enabling a roughly factor of 10 difference in isomeric
fraction for similar beam intensities. The isomer content

was maximized a small percentage off the LISE++ predicted
optimum rigidity B,;, regardless of the fragmentation
target thickness. The technique of producing isomeric
beams with fast fragmentation and separation appears
promising, though studies of other low-spin, low-excitation
energy systems should be undertaken to better understand
the underlying mechanism of the isomer population in
fragmentation reactions.
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