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Introduction
• Isomers :longer life excited state(>1 ns), Spin-gap, Deformed and K 
• High-spin isomers: valuable probes 

• nuclear structure, nuclear astrophysics, and applied research.
• The interaction at the higher level
• Nuclear reaction
• Hyper deformation
• Torus 

• The unstable beam produced by fragmentation
• The selective production and separation of 
specific isomeric states remain challenging.

ICHIKAWA, MATSUYANAGI, MARUHN, AND ITAGAKI PHYSICAL REVIEW C 90, 034314 (2014)
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FIG. 1. Schematic picture for the precession motion of torus
isomers taken from Ref. [2]. The bold solid line denotes the symmetry
axis of the density distribution. The dashed line denotes the precession
axis. The symbols θ and φ denote the tilting and the rotational angles,
respectively.

the precession motion. To build the first excited state of the
precession motion, we provide an impulsive force such that
the total angular momentum becomes I = K + 1.

To solve the TDHF equation, we use the code SKY3D and
take the Taylor expansion of the time-development operator
up to the 12th order. The setups of spatial grid points
and interactions are the same as those of the cranked HF
calculations described above. We start to perform calculations
from the initial density distribution obtained by the cranked
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FIG. 2. (Color online) Density distributions on the z = 0 plane
of the obtained stable torus isomers. The contours correspond to
multiple steps of 0.015 fm−3. The color is normalized by the largest
density in each plot.

TABLE I. Stable torus isomers obtained in the cranked HF calcu-
lation with various Skyrme interactions. The excitation energy, Eex, is
measured from the ground state. The calculated density distributions
are fitted to the Gaussian function ρ(r,z) = ρ0e

−[(r−R0)2+z2]/d2
and

the resulting values of the parameters, ρ0, R0, and d , are listed.
The symbols, T rid

⊥ and T rid
‖ , denote the rigid-body moments of

inertia for the rotations about a perpendicular and the symmetry axes,
respectively.

System Jz Eex ρ0 R0 d T rid
⊥ T rid

‖
(!) (MeV) (fm−3) (fm) (fm) (!2/MeV) (!2/MeV)

(SLy6)
36Ar 36 123.89 0.137 5.12 1.62 14.3 26.4
40Ca 60 169.71 0.129 6.07 1.61 21.0 39.6
44Ti 44 151.57 0.137 6.30 1.61 24.6 46.5
48Cr 72 191.25 0.132 7.19 1.60 33.8 64.7
52Fe 52 183.70 0.138 7.47 1.60 39.1 75.1

(SkI3)
36Ar 36 125.15 0.146 5.01 1.58 13.7 25.3
40Ca 60 173.52 0.138 5.90 1.58 19.9 37.5
44Ti 44 153.02 0.146 6.17 1.58 23.6 44.6
48Cr 72 193.66 0.141 7.00 1.57 32.0 61.3
52Fe 52 183.70 0.147 7.31 1.57 37.5 71.9

(SkM∗)
36Ar 36 124.80 0.131 5.16 1.65 14.6 26.9
40Ca 60 167.84 0.122 6.17 1.64 21.8 41.0
44Ti 44 152.20 0.131 6.36 1.64 25.1 47.5
48Cr 72 192.40 0.125 7.30 1.63 34.9 66.7
52Fe 52 187.08 0.132 7.55 1.63 40.0 76.7

HF calculations. The time step of the TDHF calculations is
0.2 fm/c. We calculate the time evolution until 3000 fm/c.
To excite the precession motion, we provide an impulsive
force at t = 0 by the external potential given by Vext(r,ϕ,z) =
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FIG. 3. Single-particle energies versus the z component of the
total angular momentum, %, for 36Ar. Solid and open circles denote
the single-particle energies of the positive- and negative-parity states,
respectively. To illustrate the degeneracy of positive- and negative-
parity states, some negative-parity states are shown by double open
circles.
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TABLE I. Gamma rays observed in the isomer spectra of
Fig. 1(b). The intensities are given relative to the average
intensity of thc 693- to 1064-keV y rays in the superde-
formcd band.

602
647
693
738
784
829
876
923
970
1017
1064
1112
1161
1209
1256
1305
1353
1401
1449

Relative
intensity

0.10+0.03
0.40+0.04
1.00 +0.04
0.97 ~0.04
0.99 J0.05
1.00 +0.04
0.97 +0.05
1.04 +0.05
0.99 J0.07
1.06+0.05
1.01 J0.06
0.94 +0.07
0.90+0.06
0.86 +0.07
0.93 J0.07
0.78 +0.07
0.60 +0.07
0.40 +0.07
0.28 +0.07

E~
(keV)

541
991
262
525
254

571
627
770
1005

Relative
intensity

0.18 +0.04
0.23 2 0.05
0.10 +0.02
0.27 +0.04
0.24 +0.05

0.15 +0.04
0.19 +0.04
0.26 +0.04
0.56 +0.08

potential-energy barrier between the superdeformed
minimum and the deeper minima closer to spherical
shapes. We note that Aberg'2 predicts that one super-
deformed band lies 1 MeV lower in energy than other
bands of the same deformation, and we propose that
this is the band which we have observed.
The next step is to establish the spin at the bottom

of the yrast superdeformed band. The spectrum in
Fig. 1(a) clearly shows the 614- (2+-0+), and 685-
keV (6+-4+) transitions together with a stronger
647-keV y ray which must contain some 4+ -2+ inten-
sity. There are many other weaker y rays including in-
dications of transitions in the low-deformation prolate
band, but the presence of '5'Dy and '53Dy decays in
the prompt matrix makes the background subtraction
difficult and we cannot fix the spins of the superde-
formed band from this spectrum. However, the major
(75%) deexcitation path of the band is via the 60-ns
isomer in '5zDy and the isomer matrix has no contri-
bution from '5'Dy and i53Dy and therefore the back-
ground subtraction is much more reliable. This was
carried out by normalization on the 148- and 220-keV
transitions (see inset in Fig. 3 for the decay scheme
above the 60-ns isomer) and resulted in the observa-
tion of yrast y rays between 17+ and 25 with the in-
tensities listed in Table I. There is a further isomer of
10 ns in this decay path at 21 and because of the
recoils moving out of view of the germanium detectors
our detection efficiency for the 262-keV (21 -19 )
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FIG. 3. The decay paths of the prolate collective bands in
Dy. Some typical decay paths deexciting the superde-

formed band to the oblate states are illustrated. Inset: the
oblate states in ' Dy just above the 17+ isomer.

40 50 6010

and subsequent transitions is only 14o/o. However, the
525-keV (19 -18 ) y ray can be fed directly, and this
clearly happens. The intensities listed in Table I estab-
lish the following feeding pattern: (19+4)% to the
25 level, (6+5)% to the 23 level, (56+14)% to
the 21 level, and (19+4)%to the 19 level. There-
fore the average spin on entry to the yrast oblate states
is 21.5A.
The superdeformed band must be yrast or close to

yrast at spins greater than 55A, and therefore because
of its high moment of inertia it will be around 4 MeV
above yrast when it deexcites, as illustrated in Fig. 3.
We propose that this decay proceeds via statistical-like
cascades of several dipole transitions. At the end of
these cascades there will be a number of y rays collect-
ing a considerable fraction of the total intensity and
then feeding directly into the yrast oblate states. We
suggest that the other y rays observed in coincidence
with the band members (Table I) fulfill this role. If
we assume that the superdeformed band has even
spins then its average deexcitation spin is 22.$i, 24.8A',
or 26.8A depending on whether the 647-keV y ray is
assigned as a 24+ -22+, 26+ -24+, or 28+ -26+ transi-
tion, respectively. These assignments give average
spin losses of 1.3A', 3.3A' or 5.3A' for the statistical de-
cays between the superdeformed band and the yrast
oblate states. The number of statistical y rays plus the
slope of the yrast line at this point means that the 3.3A
choice is by far the most likely and thus we assign the
647-keV transition as the 26+-24+ decay. Therefore
the top transition in the band is the 60+ -58+ transition
at an excitation energy of about 30 MeV in '52Dy.

Phys. Rev. Lett. 57, 811(1986)



Fragmentation
spectator pictureProjectile

E >100 MeV/u

Target

Excited state(pre-fragment)
de-excited

pF
K

The momentum width is spread by Fermi motion.(G.H. Formula )

• 𝜎 = 𝜎!
"!(""$"!)

""$&
, 𝜎! = 90 𝑀𝑒𝑉/𝑐

isomer or g.s.

・Isomer and g.s. are produced for the secondary beam via the pre-fragment

A.S. Goldhaber Physics Letters B 53 306308 (1974)



Previous study in isomer production
92Mo to 88Zr(8+)

・Isomer ratio depends on the momentum transfer
・The theoretical calculation suitable for each experimental condition is 
under discussion. (De jong Nucler.Phys A 4, 435444 (1997))

X. L. Tu et al 
PRC 95,014610(2017)

E!122.37 keV! "Fig. 4#b!$. The ground state of 90Nb has
spin and parity J%!8". The F distribution displays a com-
pletely different behavior for two different isomers that may
be qualitatively explained by the important difference of
spins between the isomeric states and the ground state. If the
spin of the isomeric state is larger than the spin of the ground
state, the minimum value of the isomeric ratio F is located at
v!v0, as shown in Figs. 3#b!–3#e! and 4#a!. Inversely, in
case the spin of the isomeric state is lower than the ground
state one, F has a maximum value close to v!v0, as in Figs.
3#a! and 4#b!.
Considering a simple peripheral reaction picture, the an-

gular momentum transfer is expected to have a minimum
value when v!v0. Thus, the low spin states are well popu-
lated, and if the spin of the isomeric state is lower than the
spin of the ground state, it will be observed with a high

probability near v!v0. While if the isomeric spin is larger
than the ground state spin, the isomer will not be populated
at v!v0 because there is not sufficient angular momentum
transferred. On the other hand, if the difference between v
and v0 increases, the angular momentum transfer increases
due to the link between the linear and the angular momenta
transfer. Thus higher spin states are more populated com-
pared to lower spin states. Thus, if the spin of the isomeric
state is lower than the spin of the ground state, it will be less
populated if v is far from v0. While if the spin of the iso-
meric state is greater than the spin of the ground state it will
be more favorably populated if v is far from v0. Then, at v
!v0 one should observe an extremum value of the isomeric
ratio, maximum or minimum if the spin of the isomeric state
is lower or greater than the spin of the ground state, respec-
tively. The dependence of the isomeric ratio as a function of

FIG. 3. Yields #top! and isomeric ratios #bottom! for several isomers measured as a function of the ratio of the fragment velocity v over
the beam velocity v0 squared. Solid lines represent the calculated yield spectra #top! and the feeding of states with the spin greater #or lower
for the 92Tc) than the one of the isomer #bottom!. The solid lines correspond to the predictions of the model of Okuno et al. See text for
details.

J. M. DAUGAS et al. PHYSICAL REVIEW C 63 064609

064609-4

J. M. Daugas,et al
Phys. Rev. C 63 064609 (2001)

78Kr to 53Fe(19/2-) ,53Co(19/2-)46Ti to 43Sc(19/2-)

● exp
○ calc

W.-D. Schmidt-Ott, et al
Zeitschrift für Physik A Hadrons and 
Nuclei 350 215--219 (1994)



Purpose

• To explore an effective way to produce various unstable beams, 
including the high-spin isometric state.

• To clarify the momentum transfer to the isomer in fragmentation
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Pre-fragment production and decay 
・A high-spin isomer can restrict the angular 
momentum.

・The momentum distribution with and without isomer 
may provide the relationship between transferred linear 
momentum and angular momentum. 

Angular momentum 
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Experiment @HIMAC

±4 mm(±0.2%)

beam coming

plastic stopper

Primary(350 MeV/u) ~107 pps

ToF

ΔE

F3

F22Target 9Be 14 mm

angle slit

F1slit

F1Wedge

D1

D2

F22slit
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F23Xe
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F23PPAC F23Veto
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op

・ΔE-ToF-Bρ Method for PID
・4 Ge detectors for γ-rays from isomer 
decay

Fragment Liso
52Fe 10
53Fe 8
54Co 6Projectile

58Ni
59Co

Fragment:(300 MeV/u) ~103 pps

εγ=1 % @1333 keV



Analysis of yield of the isomer and g.s.

ToF(ns)

ΔE
(M

eV
)

PID

Energy(keV)

820 830 840 850 860 870 880 890 900 910 920

C
ou

nt
/h

ou
r/P

rim
ar

y(
M

H
z)

0

50

100

150

200

250

300

350

400 =-8.00e+02MeV/c
diff

p
=-1.20e+03MeV/c

diff
p

=-2.00e+02MeV/c
diff

p
=-6.00e+02MeV/c

diff
p

Energy Spectrum

52Fe(12+)

6� 120�5

+��

(��

�	�(

���


��
(


)�

���

+�


�

)�

(�

(+

�32�

��2���� 


��4�(� 

���

52Fe(12+) decay schemeγ-ray Energy plot

・Fragment :ΔE-ToF plot
・Isomer : γ-ray energy plot

1h and 1 Mpps 
primary beam

52Fe



Result & Discussion: momentum distribution

• The distribution of the isomer decelerated the distribution of g.s .
• The larger the Liso, the more g.s. and isomer seems to deviate.

Pdiff=0 MeV/c
: the same velocity on 
the reaction 
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Results: Correlation (Liso vs Δpdiff)

• Δpdiff and Liso are correlated
• Radius of 58Ni:1.3*A^1/3~4.7 fm

Fitting function

1/a0=Rprj=5.58±0.30+4.62
-0.58 fm

L0=4.58±0.02+0.13
-1.08 ħ

L0 isoL
0 2 4 6 8 10 12

(M
eV

/c
)

di
ff

 p
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58Ni
59Co

・The fragmentation shows the peripheral reaction on the projectile 
surface.
・L0 shows the limited angular momentum in the g.s. momentum 
distribution.  

L0



Result & Discussion: Isomer ratio 

・R increases with large momentum transfer.
・R: isomer is about 3 times as many as g.s.

(MeV/c)
diff
p

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400

frgY

0

0.05

0.1

0.15

0.2

0.25

3−10×

Fe(-2p,-4n)52

 100×

(12+),L=10isoFe52

unbFe52

(a)
Fe(-2p,-4n)52

(MeV/c)
diff
p

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400

frgY

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

0.0018

Fe(-2p,-5n)53

 29×

(19/2-),L=8isoFe53

unbFe53

(b)
Fe(-2p,-5n)53

(MeV/c)
diff
p

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400

frgY

0

0.05

0.1

0.15

0.2

0.25

3−10×
Co(-1p,-3n)54

 3×

(7+),L=6isoCo54

unbCo54

(c)
Co(-1p,-3n)54

(MeV/c)
diff
p

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400

frgY

0

1

2

3

4

5

6−10×
Fe(-1p,-6n)52

 28×

(12+),L=10isoFe52

unbFe52

(d)
Fe(-1p,-6n)52

(MeV/c)
diff
p

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400

frgY

0

0.01

0.02

0.03

0.04

0.05

0.06

3−10×
Fe(-1p,-5n)53

 12×

(19/2-),L=8isoFe53

unbFe53

(e)
Fe(-1p,-5n)53

(MeV/c)
diff
p

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400

frgY

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
6−10×

Co(-5n)54

 2×

(7+),L=6isoCo54

unbCo54

(f)
Co(-5n)54

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400
(MeV/c)diffP

0.02

0.04

0.06

0.08

0.1

0.12

58Ni->52Fe_acc58Ni->52Fe_acc

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400
(MeV/c)diffP

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

58Ni->53Fe_acc58Ni->53Fe_acc

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400
(MeV/c)diffP

0.1

0.2

0.3

0.4

0.5

0.6

58Ni->54Co_acc58Ni->54Co_acc

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400
(MeV/c)diffP

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

59Co->52Fe_acc59Co->52Fe_acc

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400
(MeV/c)diffP

0.05

0.1

0.15

0.2

0.25

0.3

0.35

59Co->53Fe_acc59Co->53Fe_acc

1400− 1200− 1000− 800− 600− 400− 200− 0 200 400
(MeV/c)diffP

0.1

0.2

0.3

0.4

0.5

0.6

59Co->54Co_acc59Co->54Co_acc

Liso=10

R

Pdiff(MeV/c)

g.s./𝐼𝑠𝑜

g.s

Pdiff(MeV/c)

(6.01±0.74)×10-3
(1.70±0.08)×10-2



Result & Discussion: Isomer ratio 
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・R depends on the Liso
・R depends on the mass loss(Δm)
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Result & Discussion: Isomer ratio

𝑅!" = #
#!"#

$
𝑑𝐿𝑃!"%&(𝐿)

𝛼'~0.2
・The phenomenological calculation with dejong can 
be adapted to the R.
・The spin cut-off parameter can be quenched.

・Spin cut off parameterization
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Conclusion 
・Systematic measurement of the momentum distribution by changing 
the kind of projectile, fragment, and isomer. 

・The angular momentum of the high-spin isomer correlates with the 
linear momentum.

・The projectile fragmentation shows the reaction near the projectile 
surface.
・The angular momentum of the fragment can be restricted by a high-
spin isomer. 

・The isomer ratio depends on the Pdiff.
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Introduction

• Isomers are excited nuclear states with lifetimes longer than 1 ns, 
due to factors such as spin gaps, nuclear deformation, or K.

• High-spin isomers in rare unstable beams are valuable probes for 
nuclear structure, nuclear astrophysics, and applied research.

• Information about the interaction at the higher level
• Nuclear reaction from the high-spin state and the excited state
• Hyper deformation

• Many of the unstable nuclei in various facilities are produced by 
fragmentation

• The selective production and separation of specific isomeric states 
remain challenging.
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Fragmentation in previous study 

・Systematic measurements in g.s.:
:Cross-section[2], Momentum distribution[3], Momentum peak shift 

[3]such as isomer production
・Theoretical calculation  study:
：Glauber model[4],Eikonal approximation[4],Gaimard-Schmidt 
method[5],EPAX[2]

M. NOTANI et al. PHYSICAL REVIEW C 76, 044605 (2007)

FIG. 3. Typical fragment momentum distribution and fitting
results for the momentum distribution of 30Mg data. The fitting result
with a Gaussian function (dotted curve) shows the clearly asymmetric
feature of the experimental data. The solid curve indicates a fitting
result with the asymmetric Gaussian function.

B. Fitting procedure

Momentum distributions of fragments have information
useful for understanding the reaction mechanisms. At rel-
ativistic energies, the projectile fragments have symmetric
momentum distributions fitted to a Gaussian form. The width
has been discussed with respect to the Fermi motion of
nucleons or temperatures of pre-fragments [12].

The results obtained in the present work are different
from those at relativistic energies. Figure 3 shows a typical
momentum distribution of this experiment. Comparing the
momentum distribution fitted with a Gaussian function (dotted
curve), one clearly observes an asymmetric feature of the
distribution. The momentum distributions of projectile-like
fragments produced at intermediate energies are generally
asymmetric with a tail on the low-momentum side [17].

To deduce the most probable momentum and width from
such skewed shapes, the momentum distributions have been
fitted with several kinds of trial functions [17–19]. Since phys-
ical models have not been established for the low-momentum
tail, it is unclear what kind of functions are appropriate to use.
To study systematics of the low-momentum tail, the following
asymmetric function with four free parameters is applied for
the present data fitting:

d2σ

dPd"
(θ = 0◦) =






A exp
[
− (P − P0)2

2σ 2
L

]
for P ! P0,

A exp
[
− (P − P0)2

2σ 2
H

]
for P " P0,

(4)

where P0 is the most probable peak value of momentum in the
distribution and σL and σH are the momentum width in the
low- and high-energy sides, respectively.

In this fitting procedure, the maximum likelihood method
was used to treat the small statistics at the tails of the distri-
butions. The result of fitting with the asymmetric Gaussian
function is shown by the solid curve in Fig. 3.

By means of this method, we obtained fitting results of the
momentum distribution for all the isotopes present in our data,

(a)

(b)

FIG. 4. Typical fragment momentum distributions for (a) 10Be
and (b) 30Mg produced in the Ar + Be reaction. The fitting results
are also shown with solid curves. The light fragment of 10Be
has two components (dashes curves), HE and LE; the heavy
fragment of 30Mg has one component, corresponding to the HE
component. The HE component for each isotope has a low-
momentum tail and the symmetric parts are shown with dotted
curves.

though there is another kind of complexity in a few cases. We
found two components in the momentum distributions of very
light fragments only for the Be-target data. Figure 4 shows
the momentum distributions of the 10Be and 30Mg isotopes
from the Be-target data. Both distributions are scaled as a
function of velocity (β). The two arrows in the figure indicate
the velocities of projectile (βproj) and center-of-mass system
(βc.m.), respectively. In the distribution of 30Mg [Fig. 4(b)],
a single component is observed near the projectile velocity
(βproj). However, the 10Be distribution [Fig. 4(a)] shows two
components at βproj and βc.m.. Here, the component around
βproj is defined as a high-energy side of the peak (HE) and
that around βc.m. as a low-energy side of the peak (LE). We
made an attempt to fit the data using the asymmetric Gaussian
function for the HE component and a Gaussian function for the
LE component. The fitting results are drawn with solid curves.
The LE component decreases very quickly with increasing
fragment mass number. No significant LE component has been
observed for heavy fragments such as the 30Mg data. Our
data show clearly the LE component for the fragments with
A of 9–12. The LE component has been observed for light
fragments in the Ar + Be reaction, whereas the LE component
has not been found in the momentum distributions of Ar + Ta
reaction data in the momentum region where the experimental
data were taken. When a light fragment such as 10B is produced
in the Ar + Ta reaction, the impact parameter is much larger
than in the case of the Ar + Be reaction. Thus, we found the
LE component only for the Ar + Be system. Since we focus
on the projectile fragmentation reaction, we discuss mainly the
HE component in this paper.
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Model calculation 
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FIG. 7. Peak value, P0, of fragment momentum distribution for
HE and LE components.

other feature is the existence of the LE component. Both
phenomena coincide in our data. Therefore, the acceleration
phenomenon may be related to the LE component.

The LE component of the lightest fragments, which was
only observed with the Be target, would be related to
multifragmentation. As shown in Fig. 7, the velocities of the
LE component observed in this work are just from the c.m.
velocity of the incident system. It is natural to speculate that
the source of the LE component is a highly excited compound
system generated via central collision.

The origin of the acceleration phenomena could be un-
derstood by microscopic model calculations. Shi et al. [31]
studied the interplay between spectator and participant matter
in the context of a microscopic transport model. According
to the simulations of the projectile fragmentation reaction,
the post-acceleration of the light fragments is interpreted as the
response of the projectile spectator to the participant blast. The
spectators pass by the participant region when the participant
matter undergoes a violent explosion. The explosion pushes
the spectators, giving them transverse momentum, which
is pointed away from the reaction zone. If the explosion
is strong enough to overcome the friction effects, the net
spectator momentum per nucleon increases along with post-
acceleration. Benlliure et al. [32] performed an experiment
using a high-resolving-power magnetic spectromenter to
isotopically identify the projectile-like fragments produced in
relativistic heavy-ion collisions and determine their velocities
with high precision. They observed the dependence of the
post-acceleration of the projectile-like fragments with the size
of colliding nuclei and beam energies.

From the result of our experiment, we can speculate that
the origin is related to the impact parameter. Neither the
acceleration effect nor the LE component was found in the
Ta-target data. The different situation for the Be target comes
from the large impact parameter. For a certain fragment mass,
the impact parameter in the Ar + Ta reaction is larger than that
in the Ar + Be reaction when the fragment is formed by the
geometrical cut. The hot compound system is not produced

(a)

(b)

FIG. 8. Momentum widths at high-momentum side (Be target)
for (a) σH and (b) reduced widths according to the Goldhaber model.

in the peripheral collision with the large impact parameter.
Therefore, the exotic phenomena may not be observed in the
Ta-target data.

B. High-momentum side width

The high-momentum side widths σH as a function of
fragment mass are shown in Fig. 8(a) and Fig. 9(a), for the Be
and Ta targets, respectively. The high-momentum side widths
of all the observed fragments are compared to the formulation
by Goldhaber as follows:

σ|| = σ0

√
Af (Ap − Af )

Ap − 1
, (8)

where Ap and Af are the mass number of the projectile
and fragment, respectively. The solid curves are drawn with
the reduced width σ0 = 90 MeV/c from experimental results
at relativistic energies [12]. The deduced values of σ0 for
the fragments in the mass range 9 to 36 are shown in
Fig. 8(b) and Fig. 9(b). The dashed lines denote the mean
value of σ0 = 93.5 ± 2.6stat ± 7.5sys for the Be target, and

044605-7
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(a)

(b)

FIG. 9. Momentum widths at high-momentum side (Ta target) for
(a) σH and (b) reduced widths according to the Goldhaber model.

97.4 ± 1.8stat ± 7.8sys MeV/c for the Ta target, respectively.
No significant difference between the targets was observed in
the high-momentum side widths. The light fragments Af < 13
produced by using the Be target show a slight deviation from
the Goldhaber model. The deviation originates from the LE
component and the fitting function to be used. To avoid a
digression from the main purpose, we do not discuss this
deviation further. These results are in good agreement with
high-energy experiments [12].

At relativistic energies, the reduced width σ0 is independent
of the primary beam energy. At lower energies, the reduction of
σ0 has been observed [33]. The reduction mechanism has been
discussed in several theoretical works, where, for example,
Pauli blocking is suggested. Because of this effect, σ0 has
an energy dependence at 30–40A MeV [29,34] and becomes
constant up to 90A MeV. The fact that the measured σ0 is the
same as the high-energy one is consistent with this picture.

C. Low-momentum side width

The results of momentum width at the low-momentum
side are shown in Fig. 10. The widths of the low-momentum

(a)

(b)

FIG. 10. Momentum widths at low-momentum side by using
(a) the Be target and (b) the Ta target. The solid lines in both figures
are the linear fits of the Ta target data. The experimental results (σL)
and the fitting lines are located far from a prediction of the Goldhaber
model. The isotope chains of experimental data are also drawn as
solid lines.

side, σL, are plotted as a function of fragment mass with
their statistical errors. We compared the results with the
high-momentum side width σH . Instead of showing individual
data of σH , the dashed curve calculated with the Goldhaber
model is presented. The systematic error of σL is estimated to
be 8%, which is not shown in the figure.

In the Be-target data, each isotope chain has a mountain-
style structure (solid curves). However, the low-momentum
widths σL of the Ta data may have no such structure. One
can understand the deviation as a target thickness effect.
Another reason for the mountain-style structure should be
noted. The momentum distribution of light fragments has
the LE component at the low-momentum side only for the
9Be target data. In the fitting procedure with an asymmetric
Gaussian-like function, the LE component may also affect
the results. Therefore, the mountain-style structure of σL for
fragment mass should be ignored and treated as a systematic
error.

044605-8
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Decay scheme of the isomer
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Abstract
High-spin nuclear isomers in rare unstable beams are important for studies in nuclear structure, nuclear astrophysics, and 
applied research. While fragmentation reactions, widely used at in-flight rare-isotope beam facilities, can produce a diverse 
range of nuclides, the selective and high-intensity production and separation of specific isomer states remain challenging. This
study aimed to experimentally investigate the correlation between parallel momentum transfer and angular momentum transfer 
in fragmentation reactions, contributing to the development of selective beam production techniques for isomer states.

We focused particularly on previous studies [1] that showed an increase in the isomer ratio by selecting the tail of the fragment 
momentum distribution, with the goal of clarifying its physical origin. In this research, we investigated the correlation between 
angular momentum and parallel momentum transfer by selecting events from high-spin isomer states and comparing their 
momentum distributions with those of events primarily in the ground state.
The experiment was conducted at the SB2 beamline of the High-Energy Heavy-Ion Accelerator Facility (HIMAC). Primary 
beams of Ni and Co accelerated to 350 MeV/u irradiated a 14 mm thick Be target to produce nuclides around Fe through 
fragmentation reactions. The produced fragments were separated by a fragment
separator (two dipole magnets) and identified using the time-of-flight (ToF), energy loss(E), and magnetic rigidity (B) method. 
Among the identified nuclides, de-excitation gamma rays from high-spin isomers Fe(12), Fe(19/2) and Co(7) were measured 
using four Ge detectors placed at the end of the
flight path with the particle identification.
As a result of the analysis, a clear tendency was observed for the relative production of high-spin isomers to increase in the 
region of large momentum transfer away from the center of the fragment momentum distribution (the tail of the distribution), 
consistent with previous studies [2][3]. Furthermore, by comparing the measured properties of multiple isomer states, a clear
positive correlation was found between the magnitude of the imparted angular momentum and the parallel momentum transfer.
In this presentation, we will report these experimental results in detail and discuss the current understanding of the angular 
momentum generation mechanism in fragmentation reactions and its potential application to the production of high-purity, 
high-intensity isomer beams.
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核破砕反応のモデル
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