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Application of isochronous mass spectrometry for the study of angular momentum population
in projectile fragmentation reactions
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Isochronous mass spectrometry was applied to measure isomeric yield ratios of fragmentation reaction
products. This approach is complementary to conventional y-ray spectroscopy in particular for measuring yield
ratios for long-lived isomeric states. Isomeric yield ratios for the high-spin / = 19/2# states in the mirror nuclei
53Fe and Co are measured to study angular momentum population following the projectile fragmentation of
"Kr at energies of ~480A MeV on a beryllium target. The 19/2 state isomeric ratios of *Fe produced from
different projectiles in the literature have also been extracted as a function of mass number difference between
projectile and fragment (mass loss). The results are compared to ABRABLAO7 model calculations. The isomeric
ratios of *Fe produced using different projectiles suggest that the theory underestimates not only the previously

reported dependence on the spin but also the dependence on the mass loss.
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I. INTRODUCTION

Fragmentation nuclear reactions are often used at interme-
diate and high projectile energies (typically 50A-1500A MeV)
to produce exotic nuclei. In the reaction process, some
nucleons of the projectile are abraded at the overlapping zone
between the target and projectile nuclei. As a consequence, the
remaining projectile is highly excited and promptly deexcites
by evaporating nucleons until a final fragment is formed with
an excitation energy below the particle emission threshold
[1]. The projectile fragments are characterized by relatively
small angular and energy dispersion and show a very strong
kinematical focusing to forward angles.

In combination with an in-flight spectrometer, which
takes advantage of the reaction kinematics, one can separate
nuclei of interest on very short time scales down to a few
100 ns [2]. The projectile fragmentation reaction has been
proven to be an important tool for producing nuclei far from
stability. It is considered to be one of the main reactions
to produce even more exotic systems at the next-generation
radioactive beam facilities, such as the GSI Facility for
Antiproton and Ion Research (FAIR) [3] and the Heavy-Ion
Advanced Research Facility (HIAF) at the Institute of Modern
Physics (IMP) in China [4], where one of the goals is
to investigate nuclides around the r-process path of stellar
nucleosynthesis [5].
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The production cross sections ¢ [6], momentum distri-
butions P [7], and angular momenta J [8] of the produced
fragments are basic properties of the fragmentation reaction.
Their knowledge is indispensable for the understanding of the
collision process and, in turn, is essential for the design and
operation of the fragment separator facilities.

Population of a particular excited state with a given angular
momentum J usually cannot be measured in experiment
due to its prompt deexcitation (<10 ns) [9]. However, the
production cross sections and momentum distributions of the
deexcited nuclei in a ground or long-lived isomeric state are
routinely measured. It is well established that the isomers are
produced in the projectile fragmentation reaction [10]. The
promptly decaying excited states may feed an isomeric state
which then survives until the measurement is performed. By
assuming that all excited states with J (J > J,,) eventually
decay to the isomeric state of interest with J,,, the measured
isomeric yield ratio, which is the number of nuclei populated
in an isomeric state relative to their total number, reveals
the integrated population probability of the states having the
excitation energies E* > E and angular momenta J > J,,
where E;; indicates the excitation energy of isomer. Thus an
integral population probability of high angular momentum can
be deduced from experiment.

Recently, isomeric yield ratios have been obtained from
y-ray spectroscopy investigations of angular momentum
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populations of projectile fragments [9—18]. y -ray spectroscopy
is a powerful technique, which provides valuable contributions
to nuclear structure investigations. However, it is typically
limited to studies of excited states with half-lives between
about 100 ns and several milliseconds [10,11]. The lower half-
life limit is given by the time of flight through a beam line and
the upper limit is determined by the need to correlate delayed y
rays with individual ions in a segmented implantation detector
with a technologically limited number of pixels [11].

The latter limitation can be overcome using other exper-
imental techniques. A nuclear isomer has the same number
of protons and neutrons as the corresponding nuclear ground
state but possesses an excitation energy, which is reflected in
a heavier mass. The mass difference between isomeric and
ground states can directly be resolved by high-resolution mass
spectrometry. Recently, numerous isomers were investigated
with storage-ring [19,20] and Penning-trap [21,22] mass
spectrometry.

In the case of a storage ring, the experiments are performed
athigh energies employing highly charged ions. The revolution
times T of various stored ions are related (in first order) to their
mass-to-charge ratios m/q via [23]

E_LM_O_W)ﬁ

- Y , 1
T v (m/q) v %

Vtz

where y is the relativistic Lorentz factor and y; denotes the
transition energy of the storage ring. To resolve and determine
m/q values by the revolution times of the ions, the term
containing their velocity spreads, Av/v, needs to be made
negligibly small. For this purpose, two complementary ex-
perimental techniques have been developed, namely, Schottky
mass spectrometry (SMS) and isochronous mass spectrometry
(IMS) [23].

In the IMS ion-optical mode, the energy of the stored
ions of interest is chosen such that y =~ y,. This leads to
the situation that a faster ion of a given ion species moves
on a longer orbit and a slower ion of the same ion species
moves on a shorter orbit, such that the velocity difference
is compensated for by the lengths of the closed orbits [23].
This means that the revolution times reflect directly the m /g
ratios of the stored ions independently of their Av/v. A mass
resolving power of 200 000 (FWHM) has been achieved almost
over the entire spectrum with precise Bp determination at the
dispersive midplane of the fragment separator (FRS) [24,25],
which allows us to resolve isomers with excitation energies
of several hundred keV, dependent on the charge state of the
isomer.

In y-ray spectroscopy, the produced isomers are implanted
in a catcher and are thus present as neutral atoms. In a storage
ring the isomeric states can be stored as fully stripped ions, thus
providing the advantage that the internal conversion channel
is disabled. The latter is helpful for cases where the internal
conversion coefficients are experimentally unknown [15].
Owing to dedicated time-of-flight detectors, IMS has a very
high detection efficiency and is sensitive to single stored ions
[26]. Furthermore, an experimental cooler storage ring (CSRe)
tuned into the IMS ion-optical mode can simultaneously
store ions with a relative momentum acceptance AP/P of
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~0.2% [27]. The latter is important in view of the wide
velocity distribution of projectile fragments. These capabilities
were employed to investigate properties of the projectile
fragmentation reaction. For instance, relative production cross
sections of the fragments were measured and a relationship of
the relative odd-even staggering of yields versus the particle-
emission threshold energies was established [28].

IMS can be applied to short-lived nuclides with half-lives
down to ~50 us [29]. Furthermore, there is no upper half-life
limitation. In this respect IMS is a complementary technique to
y -ray spectroscopy for the investigation of angular momentum
populations. This is illustrated here with the example of the
measured population of the high-spin I = 19/2# states in the
mirror nuclei 3Fe and >*Co. The half-lives of the excited
states are 2.54 m and 247 ms [30], respectively. Moreover,
in the present work we investigate the relation between the
isomeric ratios for a given spin and the mass loss. The question
of how the isomeric yield ratio depends on the mass loss
is not only related to the understanding of the origin of
angular momentum, but also plays an important role in the
production and application of isomeric beams [31] as well as
spin-aligned beams [32]. In previous works [9—18], nuclides
with the same spin had different structures and different isomer
excitation energies, which masked a possible dependence of
the isomeric ratios on the mass loss [11,33]. Thus, to remove
the nuclear structure effects, we use the isomeric ratio values
of the high-spin isomeric 19/2 state in **Fe produced using
different projectiles: BNi (Ref. [34]), ®Kr (present work),
84Kr (Refs. [35,36]), and ''?Sn (Ref. [37]). We note that
the same method was used to study the relation between the
isomeric ratios and the mass loss in **Sc for the photonuclear
reaction [38].

II. EXPERIMENT AND DATA ANALYSIS

The experiment was performed at the HIRFL-CSR (cooler-
storage ring at the Heavy Ion Research Facility in Lanzhou)
[27]. The CSRe was operated in the isochronous mode to
measure masses of short-lived 7, = —1/2[39]and T, = —3/2
[40] nuclei. Many of these masses are decisive for the
understanding of astrophysical nucleosynthesis and nuclear
structure [39—42]. In this experiment, a primary “SKr*
beam at an energy of 479.4A MeV was extracted from the
main storage ring (CSRm) and focused upon a ~2.77 g/cm?
beryllium production target placed at the entrance of the
radioactive beam line (RIBLL2). >*Fe and >*Co nuclides were
produced via projectile fragmentation reactions. According
to CHARGE calculations [43] at this kinetic energy more
than 99.9% of Fe and Co fragments emerged from the target
as fully stripped nuclei. Any contributions of other atomic
charge states can be neglected in the present context. The
fragments were separated in flight with RIBLL2 and then
injected into the CSRe. To enable IMS, the CSRe was tuned
to store ions at y; = 1.4. According to calculations with the
LISE++ code [7,44], the longitudinal momenta of 33Fe and
3Co nuclei emerging from the target are almost identical.
However, the charge state 267 for fully ionized *Fe is different
from 27+ for >>Co. Thus, the magnetic rigidities of the RIBLL2
and CSRe facilities were sequentially set to 6.1994 Tm and
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5.9708 Tm, respectively, to center (d P/ P. = 0) the 3Fe and
3Co fragments, respectively. The production cross section
of 3Fe is sufficiently large so that the >*Fe nuclei with
momenta far from the central one (d P/P, = —3.6%) could
be measured in the CSRe at the magnetic rigidity of 5.9708
Tm corresponding to the central setting for 3Co. The details
of standard IMS measurements in the CSRe can be found in
Refs. [26,45]. The revolution times of the stored ions were
measured by a dedicated timing detector, see Refs. [26,46,47]
for more details on the detector design and performance.

Each stored ion passed through the thin carbon foil of
the timing detector at every revolution. Secondary electrons
released from the foil due to the passage of each ion were
guided to a set of microchannel plates thus providing timing
signals. The signals from individual ions are periodic which
is used to determine their revolution frequencies. The detector
efficiency ranges from 20% to 70% depending on the ion
species and ion number [26,47]. However, since each stored
ion is recorded for ~320 turns, a detection efficiency of 100%
can safely be assumed for all ions [48].

Owing to the high mass resolving power achieved in these
IMS measurements of about 170 000 [45], the mass difference
of ~3 MeV [30] between the isomeric and ground states can
clearly be resolved. The revolution time spectra of the isomeric
and ground states for >*Fe and >*Co are shown in Fig. 1.
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FIG. 1. Revolution time spectra of the isomeric and ground states
of 3Co and **Fe nuclides measured in the present work. The mass
difference of ~3 MeV between the isomeric and ground states is
reflected in a time difference of ~20 ps.
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The ultimate efficiency of the experimental method allows
the highly accurate counting of the number of stored ions in the
ground and isomeric states. The experimental isomeric ratios
Rexpt are defined as the number Ny, of nuclei stored in the
isomeric state relative to the total number Ny of stored nuclei
in ground and isomeric states as follows:

Nym
Rexpl = ! . (2)
Nay

The >*Fe and **Co nuclides were stored as bare nuclei. The
lifetimes of the isomeric and ground states are much longer
than the typical measuring time of 200 us. Therefore, the
internal conversion and 8 decays during the measuring time
can be neglected. The relative mass difference of isomeric and
ground states for >*Fe and 3 Cois about 6 x 107>, respectively.
Thus, the transmission, injection, and storage efficiencies of
isomeric and ground states are almost the same and can be
neglected in the calculation of Reyp for one magnetic rigidity
setting in CSRe.

Measured isomeric yield ratios for various d P/ P, settings
are listed in Table I. The available results from the experimental
storage ring (ESR) at GSI are added as well. The isomeric
ratio of 9.6(4)% was obtained in *Ni projectile fragmentation
at an energy around 370A MeV on a 4 g/cm? beryllium
target [34]. For the ¥Ni experiment the ratio was measured
for the central momentum by using SMS at the ESR of GSI
[34]. Under the condition of the thick target, the isomeric
ratios with a small mass loss are almost independent of the
momentum selection [49]. By means of the fragmentation of
84Kr projectiles at an energy of 445.3A MeV on a 2.5 g/cm?
beryllium production target, an isomeric ratio of 33(4)% was
measured for 3Fe by IMS at the ESR with relative longitudinal
momentum selectiond P/ P, = 0%. More experimental details
can be found in Ref. [35]. A >*Fe isomeric ratio of 34(2)% at
relative longitudinal momentum selection d P/ P, = —2.9%

TABLEI Isomeric ratios (Reyp) for the 19/2 state with excitation
energy of ~3 MeV in **Fe and **Co fragments (A ) were obtained via
different projectile (A,) fragmentation reactions at IMP (this work)
and GSI [34,35]. The uncertainties of ratios only include statistical
errors. The relative momentum settings (d P/ P,) are listed, where P,
is the central momentum of the fragment after the target calculated by
the LISE++ code, and d P = P — P, is the difference of the central
momentum of the corresponding ion optical setting of the facilities.

A, E A;@P/P. Mass Spin R Target Ref.
(MeV) loss (%) (g/cm?)
BNi ~370A 3Fe~0% 5 19/2 9.6(4) 4 [34]
BKr 4794A BFe0% 25 19/2 30(4) 2.77 This work
BKr 4794A ¥Fe —3.6% 25 19/2 38(3) 2.77 This work
BKr 4864A PFe —2.1% 25 19/2 35(4) 2.77 This work
Kr 482.9A PFe —4.6% 25 19/2 39(3)* 2.77 This work
$Kr 4453A PFe0% 31 19/2 33(4) 250  [35,36]
1290 39554 PFe —2.9% 59 19/2 34(2) 1.85 [37]
BKr 4794A >Co0% 25 19/2 28(14) 2.77 This work
BKr 4829A *Co—1% 25 19/2 23(2) 2.77 This work

4Ground and isomeric states were not resolved. The ratio was
extracted assuming two overlapping Gaussian functions.
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was measured in ''?>Sn projectile fragmentation [37]. The ''2Sn
beam from CSRm at an energy of 395.5A MeV impinged on a
1.85 g/cm? beryllium target placed at the entrance of RIBLL2.
The >3Fe ions produced were separated and injected into CSRe
by RIBLL2. CSRe was set to an isochronous condition with
¥, = 1.302 and a magnetic rigidity of Bp = 5.306 Tm. The
revolution times for >*Fe were measured by a timing detector,
as in the present work described in the experiment section.

III. RESULTS AND DISCUSSION

In this section we address the dependence of the measured
isomeric ratios for »Fe on the longitudinal momentum and on
the mass loss.

A. Dependence of isomeric ratio on longitudinal momentum

The dependence of the isomeric ratio on the longitudinal
momentum was observed for the first time by Schmidt-Ott
et al. [50]. However, the dependence would be washed out
for a thick target and large mass loss [33,49]. The relative
momentum acceptance of the IMS at CSRe cannot cover
the entire relative momentum distribution of the fragments
emerging from the target. Thus, the IMS can be used to study
the dependence of the isomeric ratio on the momentum. The
relation between the isomeric ratios and momentum selection
is also addressed in the present work. The isomeric ratios
for 3Fe produced by "®Kr projectile fragmentation with the
same beam energy and the same target thickness amount to
30(4)% for the central setting (dP/P. = 0%) and 38(3)%
for the setting on the tail of the longitudinal momentum
distribution (d P/ P. = —3.6%). This has to be compared to
the relative momentum width of ~5% (FWHM) for >*Fe
fragments emerging from the target. The ratios with different
momentum selections and different projectile energies were
also measured, see Table I. The results are plotted in Fig. 2
as a function of the relative momentum difference. The ratios
of 3Fe for the central settings are slightly smaller than those
corresponding to the tails of the momentum distribution. As a
conclusion, we see that there is a slight dependence of isomeric
ratios on the momentum selection for >*Fe produced via "*Kr
projectile fragmentation on a 2.77 g/cm? beryllium target.

B. Dependence of isomeric ratio on mass loss

To eliminate the effects of nuclear structure, the isomeric
ratios of %Fe produced from different projectiles, namely, **Ni
[34], "8Kr [this work], #*Kr [35,36], and '?Sn [37], were used
to study the relation between the ratios and the mass losses.
The measured values of the isomeric ratios for >*Fe are shown
in Fig. 3 as a function of the mass loss, which is the difference
in mass number between the considered projectile and >*Fe. It
can clearly be seen, that the value of the isomeric ratio increases
rapidly with increasing mass loss and reaches an approximate
flat top at the mass loss of about 25-30 mass units.

The isomeric ratios for >*Fe deduced from different projec-
tiles as a function of the mass loss have been calculated with
the two-stage abrasion-ablation code ABRABLAO7 [8,51,52].
Details on the deexcitation part of the ABRABLAQ7 code can be
found in Ref. [52]. We assume that in the case of fragmentation

PHYSICAL REVIEW C 95, 014610 (2017)

50

s

30

t

Ratio (%)

25

53 +

20 i = Fe

ispe Yo

10

1 L 1 L 1 L 1
-0.03 -0.02 -0.01 0.00

dpP/pP

1 L 1 L
-0.05 -0.04

FIG. 2. Isomeric ratios measured in this work as a function of the
relative longitudinal momentum selection (dP/P =[P — P.]/P.),
where P and P, are the selected momentum and the central
momentum of the fragment, respectively. Both %Fe and **Co are

produced by "*Kr projectile fragmentation on a 2.77 g/cm? beryllium
target.

reactions at high projectile energies, the angular momentum
removed by particle evaporation is small. Thus we calculate the
spin distribution of the final fragment as a superposition of the
spins of all prefragments which contribute to the production
of the final fragment of interest.

In Fig. 3 we compare the experimental results with the
ABRABLAQ7 predictions for the isomeric ratios of the spin
state 19/2 in **Fe. Qualitatively, the ABRABLAO7 calculation

50
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FIG. 3. Tsomeric ratios for **Fe as a function of mass loss com-
pared to the predictions of the ABRABLAO7 code. The isomeric ratios
rapidly increase with the projectile-fragmentation mass difference
and then remain approximately constant.
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FIG. 4. Production probability of **Fe vs spin calculated with
ABRABLAO7 for the projectiles *Ni, "*Kr, 3Kr, and ''?Sn. Spin 19,2
is indicated with an arrow.

describes the increasing trend of isomeric ratio with mass loss,
which indicates that the population of angular momentum
in a final fragment has a strong “memory” of the initial
angular momentum population in the prefragment. However,
quantitatively, except for the largest value of the mass loss,
corresponding to ''>Sn projectiles, the calculations under-
estimate the isomeric ratios: the smaller the mass loss the
larger is the fractional discrepancy between the data and
calculations (Rexpt/ Rineor). The average square value of the
angular momentum projection of a nucleon ( jzz) is about 2.54

for the *°Ni region in the ABRABLAQ7 statistical model [8].
However, the isomer of spin state 19/2 has a three-particle
configuration in the case of 3Fe, each in the high angular
momentum f7,; orbital [53]. Therefore the angular momentum
per nucleon is much larger than the ,/(j2), which may

explain why the ABRABLAO7 prediction is so low for the **Ni
case.

It has already been noticed, see, e.g., Ref. [18], that for
high-spin states the values of isomeric ratios calculated with
the ABRABLA code are lower than the measured ones. This
is consistent with the present case, since the probability
to produce higher spin states depends on the mass loss.
Figure 4 illustrates the probabilities to produce >*Fe with
different spins for different projectiles calculated with the
ABRABLAO7 code. It can be seen that the spin 19/2 can
hardly be produced for a small mass loss (°®Ni projectiles).
However, it is easily produced for larger mass losses (Kr and
Sn projectiles). The observation of this work suggests that
the calculated underestimation (Rexpt/Rineor) Of the isomeric
ratios depends not only on the spin [18], but also on the mass
loss.

Several effects have been discussed as possible origins of
the discrepancy between calculated and measured isomeric
ratios for high-spin states [15,18,54]. Although a clear answer
concerning the population of different spin states is still
missing, data shown in Fig. 3 can serve as a benchmark for
further developments in theoretical models. Fluctuations in
angular momentum, mass, and nuclear charge distributions of
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FIG. 5. Angular momentum vs mass of the prefragments leading
to the observed **Fe final fragment produced in the fragmentation of
8Ni and '"?Sn calculated with the ABRABLAO7 code.

prefragments produced in the fragmentation of !'2Sn leading
to *Fe final fragments may be large enough to properly
reproduce the observed isomeric ratios. These fluctuations
“overwrite” any other effect influencing angular momentum
in the fragmentation reactions. However, for small mass
losses these fluctuations are also small, see Fig. 5, since the
number of different prefragments leading to the final fragment
is rather small. These are thus the cases where additional
contributions to angular momentum populations have to be
investigated.

IV. SUMMARY

The isochronous mass spectrometry (IMS) method was
applied to investigate angular momentum populations of high-
spin isomers in projectile fragmentation reactions. Isomeric
ratios were measured for the spin 19/2 state in the mirror
nuclei *Fe and >*Co following the projectile fragmentation of
"8Kr with energies of ~480A MeV on a beryllium target at
HIRFL-CSR. The half-lives of the excited states of >*Fe and
3Co are 2.54 m and 247 ms [39], respectively, in which cases
the IMS can be seen as a complementary technique to y-ray
spectroscopy for the study of angular momentum populations,
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especially for systems with long lifetimes. The relationship
of the isomeric ratio and momentum selection was studied by
measured isomeric ratios of 3Fe. The experimental isomeric
ratios for the same spin were extracted as a function of the mass
loss. Data obtained in this work and from literature show that
the isomeric ratios rapidly increase with the mass loss and then
saturate. This increasing behavior is approximately reproduced
by the ABRABLAQ7 calculations. Quantitatively, the calcula-
tions can reproduce data for the 19/2 spin state in **Fe for
the largest mass loss, but they considerably underestimate the
corresponding data for small mass losses. Our new data point to
the need for further development of the theoretical description
of the fragmentation reaction process. The latter is indispens-
able for the planning of experiments at operating facilities as
well as for the next-generation facilities like FAIR or HIAF.
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