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Abstract

The degree of freedom of spin in quantum systems serves as an unparalleled laboratory where
intriguing quantum physical properties can be observed, and the ability to control spin is a powerful
tool in physics research. We propose a novel method for controlling spin in a system of rare isotopes
which takes advantage of the mechanism of the projectile fragmentation reaction combined with
the momentum-dispersion matching technique. The present method was verified in an experiment
at the RIKEN RI Beam Factory, in which a degree of alignment of 8% was achieved for the spin of
a rare isotope 32Al. The figure of merit for the present method was found to be greater than that

of the conventional method by a factor of more than 50.
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The immense efforts expended to fully comprehend and control quantum systems since
their discovery are now entering an intriguing stage, namely the controlling the degree of
freedom of spin [1-5]. The case of nuclear systems is not an exception. In recent years,
nuclear physicists have been focusing their efforts on expanding the domain of known species
in the nuclear chart, which is a two-dimensional map spanned by the axes of N (number
of neutrons) in the east direction and Z (number of protons) in the north direction. The
key technique used to explore the south eastern (neutron-rich, or negative in isospin 73)
and north western (proton-rich, or positive in 7,) fronts of the map has been the projectile
fragmentation (PF) reaction, in which an accelerated stable nucleus is transmuted into
an unstable one through abrasion upon collision with a target. Several new facilities for
providing rare-isotope (RI) beams by this technique, such as RIBF [6] in Japan, FRIB [7-9]
in the United States, and FAIR [10-12] in Europe, have been completed or designed for
exploration of the frontiers of the nuclear chart. Beyond such efforts toward exploring the
N and Z axes, nuclear spin may be a “third axis” to be pursued. The study reported
in the present article concerns the control of the spin orientation of an unstable nucleus
produced in an RI beam at such the fragmentation-based RI beam facilities. The ability to
control spin, when applied to state-of-the-art RI beams, is expected to provide unprecedented
opportunities for research on nuclear structure of species situated outside the traditional
region of the nuclear chart, as well as for application in materials sciences, where spin-
controlled radioactive nuclei implanted in a sample could serve as probes for investigating
the structure and dynamics of condensed matter.

The fragmentation of a projectile nucleus in high-energy nucleus-nucleus collisions is de-
scribed remarkably well by a simple model that assumes the projectile fragment produced
in the PF reaction to be a mere “spectator” of the projectile nucleus; as a spectator, this
fragment survives frequent nucleon-nucleon interactions, and the other nucleons (“partici-
pants”) are abraded off through the reaction [13], as illustrated in Fig. 1. In the model, the
projectile fragment acquires an angular momentum (in other words, a nuclear spin), whose
orientation is determined simply as a function of the momentum of the outgoing fragment.
Here the degrees of spin orientation of rank one and two, in particular, are referred to as
spin polarization and spin alignment, respectively. This implies a unique relation between
the spin orientation and the direction of the removed momentum p,,, as illustrated in Fig. 1,

which can be utilized as an obvious means for producing spin-oriented RI beams. One ad-
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FIG. 1: Principle of producing spin orientation in PF reaction. A projectile with an initial momen-
tum pg is incident to the target. In a “participant-spectator” model, the nuclear spin Ipg of the
fragment arises from the angular momentum Ry x (—p,) with respect to the center of mass of the
projectile nucleus, owing to the removal of nucleons that, before collision, were in internal motion
in the projectile nucleus (Fermi motion). Here, p, is the sum of momenta of the removed nucle-
ons (participants), and Ry is the position vector of the participants in the projectile rest frame.
Furthermore, the linear momentum ppgr of the fragment is given as ppr = pg — pn. Thus the
orientation of the spin Ipp = Ry X (po — ppr) is determined plainly as a function of the momentum
ppr of outgoing fragment. In the figure, the axis of polarization is perpendicular to the reaction
plane, while the axis of alignment is parallel to the beam axis. Insets (a), (b) and (c) illustrate
cases which produce spin orientation for the fragments in the left wing, center and right wing of

the momentum distribution, respectively.

vantage of this method of orienting the fragment spin is that the resulting spin orientation
does not depend on the chemical or atomic properties of the RI. However, the method also
shows a drawback in the sense that the spin orientation thus produced in the PF reaction
tends to be partially or completely attenuated since the fragmentation generally involves the
removal of a large number of nucleons from the projectile. This is quite a non-negligible flaw

with respect to the yields attainable for spin-oriented beams since high-intensity primary



beams are only available for a limited set of nuclear species, and consequently in most cases
RIs of interest must be produced through the removal of a large number of nucleons from
the projectile. Accordingly, there has been high demand for a new technique for preventing
the attenuation in spin orientation caused by large differences in mass between the projectile
and the fragment. In this paper, we present a method for producing highly spin-aligned RI
beams by employing a two-step PF process in combination with the momentum-dispersion
matching technique.

Figure 2 illustrates three different schemes for producing spin-aligned RI beams, where
each scheme uses a different configuration of elements, namely primary and secondary targets
and slits for selection. The most basic scheme employs the configuration in (a), in which a
nucleus of interest is directly produced from a primary beam through a single occurrence of
the PF (a single-step PF reaction). As stated earlier, this scheme suffers from the drawback
that the degree of spin alignment tends to be attenuated when the PF involves a large
number of nucleons. With the aim to overcome this problem, configuration (b) adopts a
two-step PF reaction, where a beam of nuclei produced in the first PF reaction (secondary
beam) is used to obtain a beam of the nuclide of interest through a second PF reaction. In
particular, using a slit installed at a momentum-dispersive focal plane, the particles forming
the secondary beam are chosen to be of a nuclide containing one proton or neutron more
than the nuclide of interest. Thus, the target RI beam is produced via a PF reaction in which
only one proton or neutron is removed. For the RI beam obtained with this scheme, the spin
alignment is expected to be high due to the simplicity of the reaction [14, 15]. We also note
that a significant increase in the total production yield is suggested by experiments [16] in
in-beam ~-ray spectroscopy. In the scheme presented above, however, the production yield
is typically reduced by a factor of ~1/1000 because the production of target nuclei requires
the successive occurrence of two highly particular reactions.

A hint on how to eliminate the disadvantage of the scheme in (b) emerged from the
recognition that the quantity that determines the spin alignment is solely the momentum
change dp in the process of fragmentation that produces the nuclei of interest, and that the
spin alignment is not sensitive to the momentum of the incident nucleus. In scheme (b),
op is selected with the aid of two momentum slits, the first of which is used to select the
momentum of the secondary beam and the second slit determines the outgoing momentum

of the secondary PF. The tremendous and unnecessary drop in yield is avoided by discarding
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FIG. 2: Comparison of three schemes for producing a spin-aligned RI beam of 3?Al from a primary
beam of ¥Ca. The graphs below each scheme represent the typical momentum distribution and
the corresponding alignment, with abscissas representing the momentum p of 32Al. (a) Single-step
PF method. The 32Al beam is directly produced from *®Ca. Since PF involves a large number of
nucleons, the expected spin alignment is small. (b) Two-step PF method. 32Al is produced via an
intermediate nucleus 3*Al. The expected spin alignment is high, whereas the production yield is
low due to the two fold selection with momentum slits. (c¢) Two-step PF method with dispersion
matching. Direct selection of the change in momentum dp in the second PF can be achieved
by placing a secondary target in the momentum-dispersive focal plane and a slit in the double-
achromatic focal plane, because the momentum spread Ap of the incident beam is compensated
for by fulfilling the condition of momentum-dispersion matching. This method yields an intensive
spin-aligned RI beam while avoiding cancellation between the opposite signs of spin alignment

caused by the momentum spread Ap.

the two-fold selection and introducing a single direct selection of the target dp itself. This
is realized by placing a secondary target in the momentum-dispersive focal plane and a slit
in the double-achromatic focal plane, as illustrated in Fig. 2 (c). The concept of realizing

maximum spectral resolution in momentum loss by compensating for the beam momentum



spread of the incident beam, as executed here, is known as dispersion matching in ion
optics [17, 18]. The important point of this technique is that the reaction products that
acquire equal amounts of momentum change upon the second fragmentation are focused onto
a single physical location. The application of this technique to PF-induced spin alignment
can prevent the cancellation of opposite signs of spin alignment caused by momentum spread,
which secondary beams unavoidably undergo.

The validity of scheme (c) was first tested with the in-flight superconducting RI separator
BigRIPS [19] at the RIKEN RIBF facility [6]. The arrangement for the production of spin-
aligned RI beams with the present method is shown in Fig. 3. In the reaction at the primary
target position F0, 33Al was produced by a PF reaction of a 345-MeV /nucleon *®*Ca beam
on a Be target with a thickness of 1.85 g/cm?, chosen to provide a maximum production
yield for the secondary %Al beam. A wedge-shaped aluminium degrader with a mean
thickness of 4.05 g/cm? was placed at the first momentum-dispersive focal plane F1, where
the momentum acceptance at F1 was £3%. The secondary **Al beam was introduced to a
second wedge-shaped aluminium target with a mean thickness of 2.70 g/cm?, placed at the
second momentum-dispersive focal plane F5. The 32Al nuclei (including those in isomeric
state 32™Al) were produced through a PF reaction involving the removal of one neutron
from 33Al. The thickness of the secondary target was chosen such that the energy loss from
the target was comparable with the theoretical estimate for the width of the momentum
distribution [20] for single-nucleon removal. In the present case, ogolgnaber = 90 MeV /e, and
the momentum width for 32Al was measured to be o = 80 MeV/c or 0.4%. The 32Al beam
was subsequently transported to focal plane F7 whereby the momentum dispersion between
F5 to F7 was tuned to be with the same magnitude and opposite sign as that from FO to F5
(momentum matching), effectively canceling out the momentum dispersion from the site of
the first PF reaction to F7. The slit at F7 was used to select a region of momentum change
at the second PF as dp/p = £0.15% about the center of relative momentum distribution.

The 32Al beam was stopped in a Cu crystal stopper mounted on the experimental appara-
tus for time-differential perturbed angular distribution (TDPAD) measurements, which was
placed in a focal plane after the achromatic focal plane F7. This apparatus, shown in the
inset of Fig. 3, enabled us to determine the spin alignment as well as the g-factor of 3™Al
by observing the changes in anisotropy of the de-excitation v rays emitted from spin-aligned

32m Al in synchronization with the spin precession in the presence of an external magnetic



field.

The degree of spin alignment A was determined from a ratio R(¢) defined as

 Niat) — eNau(t)
= Ns (D) + Noa(t)’ (1)

R(t)

where Nj3 (Nag) is the sum of the photo-peak count rates at Ge 1 and Ge 3 (Ge 2 and Ge
4), which are two pairs of Ge detectors placed diagonally to each other, as depicted in the
inset of Fig. 3, and e denotes a correction factor for the detection efficiency. Theoretically,

the R(t) ratio is expressed as a function of ¢ as

3 Az
R(t) = cos 2(wit + «), 2
(1) = e con 2t +0) )
in terms of the rank-two anisotropy parameter Ass, which is defined as Ay = ABsFs.

Terms with higher ranks were evaluated to be negligible in the present case of 32 Al. Here,

A denotes the degree of spin alignment

m? — I(I
A= ; g ](2151—; 1)a(m), (3)

where a(m) is the occupation probability for magnetic sublevel m, and I the nuclear spin.
By is the statistical tensor for complete alignment, and F} is the radiation parameter [21].
The parameter wy, (Larmor frequency) is given by wy, = gunBy/h, where g is the g-factor of
32A1 in units of the nuclear magneton py, and « is the initial phase of R(t).

The 32Al nucleus is known to exhibit an isomeric state 32™Al [22] at 957 keV with a
half-life of 200(20) ns. The spin and parity of 3*™Al have not been fixed among the 4™
and 2% candidates. It is known that **™Al undergoes de-excitation by E2 transition [23]
with emission of v rays with an energy of 222 keV and subsequently decays in cascade to
the ground state by emitting 735-keV ~ rays. Figure 4 (a) shows a 7-ray energy spectrum
measured with the Ge detectors, where 222-keV de-excitation ~ rays are clearly observed
as a peak. The time variations Ni3(t) and Nay(t) of the intensities for this peak obtained
with detectors pairs Ge 1 - 3 and Ge 2 - 4, respectively, are presented in Fig. 4 (b), in which
the corresponding abscissas represent the time difference of the signals at either of the Ge
detector pairs relative to the beam particle signal at a plastic scintillator placed in front of
the stopper crystal. The R(t) ratio evaluated according to Eq. 1 is shown in Fig. 4 (c).

From the least x? fitting of the theoretical function of Eq. 2 to the experimental R(t)
ratio of Eq. 1, we obtained the degree of spin alignment as A = 8(1)%, and the g-factor of
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32m Al was determined for the first time to be g = 1.32(1). Also, the spin and parity were
assigned to be I™ = 47 through comparison of the g-factor with theoretical calculations.
Detailed analysis and extended discussion regarding the 32Al nuclear structure based on the
obtained g-factor and spin-parity will be presented elsewhere [24].

A remeasurement of the degree of spin alignment was also performed during the ex-
periment, in which the momentum acceptance in the F5 focal plane was narrowed to be
+0.5%, while maintaining other conditions unchanged. This measurement corresponded to
the two-step PF reaction without dispersion matching (case (b) in Fig. 2). The degree of
spin alignment derived from this measurement, 9(2)%, is consistent with the above value
obtained with the proposed method, 8(1)%, thus confirming that the present method of
producing spin-aligned RI beams is valid and performs well.

A supplementary experiment was carried out in order to compare the performance of
the present method with that of the single-step method. 32Al was directly produced in a
PF reaction of a *®Ca beam on a 4-mm thick Be target. The thickness of the production
target was chosen such that the energy loss in the target was comparable with the Goldhaber
width [20] (4% in this case), where the momentum acceptance at F1 was set to be £0.5%.
As a result, the spin alignment was measured to be less than 0.8% (20 confidence level). A
comparison of the two methods is summarized in Table I. The figure of merit (FOM) for
the production of such spin-aligned RI beams should be defined to be proportional to the
yield and the square of the degree of alignment. In the measurement with the single-step PF
reaction, a primary beam whose intensity was deliberately attenuated by a factor of 1/100
was used in order to avoid saturation in the counting rate at the data acquisition system.
Here, the FOM was compared on the basis of actual effectiveness without correction for the
attenuation, in which the resulting FOM for the new method was found to be improved by a
factor of more than 50. Note that the degree of spin alignment in the single-step PF reaction
could not be determined within a measurement time comparable with that of the two-step
PF reaction. The superiority in FOM of the new method over the single-step PF reaction
method should be even more pronounced for nuclei located farther from the primary beam.

Theoretically, the maximum of the spin alignment for the case of single-nucleon removal
from 33Al with a momentum acceptance of £0.15% is estimated to be 30% in a way similar
to that described in [25, 26]. The estimation is based on a model proposed by Hiifner and

Nemes [13], where the cross-section for the abrasion of one nucleon leading to a fragment



TABLE I: Comparison of the two-step and single-step PF methods. The isomer to ground-state
ratio for the production of 3>Al was derived from the y-ray count, detection efficiency, and number
of 32Al beam particles at the final focal plane for each method. The in-flight decay of 3>™Al from

the production target to the final focal plane was also taken into account.

Two-step method  Single-step method

Reaction BCa — 33A1 — 32A1 BCa — 32A1
Energy 200 MeV /nucleon 345 MeV /nucleon
Target 10-mm thick Be 4-mm thick Be
Ap/p +0.15% +0.5%

Yield of 32Al 2.3 keps 8.6 keps (1/100 Att.)
Yield of 32mAl 0.5 keps 0.9 keps (1/100 Att.)
Isomer ratio 50(6)% 59(5)%
Alignment 8(1)% <0.8% (20)
Measurement time 119h 9.3 h

of substate m with momentum p is proportional to the probability of finding a particle
of substate —m with momentum —p at the surface of the target nucleus. The maximum
evaluated in this way is in fact four times greater than that obtained experimentally, which
may result from de-excitation from higher states populated through the PF reaction, such
as the (47) [27] and 171 [23] states. This suggests that the ability to select the reaction path
in populating the state of interest is key to achieving augmented spin alignment. Thus,
spin alignment via PF reactions depends strongly on both the reaction mechanism and the
nuclear structure. Under these circumstances, the achieved degree of alignment, 1/4 of the
theoretical maximum which was obtained despite the situation that the reaction path to the
isomeric state was not unique, is rather satisfactory. If we choose a nucleus produced by a
unique reaction path, a degree of spin alignment closer to the theoretical maximum might
be possible to achieve.

Figure 5 shows the result of simulating the accessibility of unstable nuclei via the two-step
PF method (red region) and the conventional method (blue region). Clearly, the adoption

of the two-step method drastically expands the set of accessible nuclei in the nuclear chart.
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The present method for producing spin-aligned RI beams is applicable to ground and long-
lived excited (i.e., isomeric) states of nuclei. Lastly, we discuss the prospects for application
of the proposed method, taking as an example research on the nuclear structure of isomers
through measurements of their electromagnetic moments. The angular momentum plays a
vital role in a nuclear system. Recent studies using RI beams have revealed an unexpectedly
abundant occurrence of high-spin isomers in newly explored regions of the nuclear chart [29-
31]. Among others, one important mechanism for such isomerism arises from the short-range
nature of the attractive two-body interactions in the nucleus, as discussed below. Assuming
that an odd-Z, odd-N nucleus consists of an active proton and an active neutron in their
respective orbits j, and j, around a core of spin-parity J™ = 07, there arises a specific order
in terms of energy among the individual states formed by the two valence nucleons, owing
to the short-ranged attractive interaction between the proton and neutron. Those states,
with angular momenta j, and j,, exhibiting parallel and antiparallel coupling, undergo
the most pronounced decrease in energy [32, 33|, since the spatial overlap between the
proton and neutron wave functions is largest for such a state (coplanar proton and neutron).
Thus, the energy F(J) of the state with spin J (where J = j, + j, and J* = J(J + 1))
varies with J such that E(J) takes a minimum at J = |j, — ju|, rises as J increases,
reaching a maximum at a certain value of J, and finally reaches the second minimum at
J = |jp + jn| (the stretched spin), as depicted in Fig. 5. In such a situation the spin-
stretched state is likely to be an isomer, since it can decay to the lower states (necessarily
with considerably lower J) only by hindered +y transitions with high multipolarities (spin-gap
isomerism). Spin-gap isomerism is thus a generic phenomenon stemming from the intrinsic
nature of nucleon-nucleon interaction, and is considered to occur systematically in the region
of medium and heavy nuclei, where there are single-particle orbitals with large angular
momenta. The present method can selectively populate and even more importantly spin-
align such states via a unique path of removing a proton and a neutron from an even-even
nucleus (as the secondary projectile) in the secondary reaction. A spin-stretched state is a
pure state in principle, its configuration being interpretable transparently, and therefore the
determination of its magnetic moment and/or electric quadrupole moment should provide
detailed and reliable information on its nuclear structure. A similar mechanism for producing
spin-gap isomers is valid also for some even-even nuclei, such as **Cd nuclei [34] in which two

protons and two neutrons play an active role. Another mechanism by which one can obtain
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a significant spin difference between neighboring states is in the regions where unique-parity
intruder orbitals come close to the Fermi surface. As an example one can mention the
importance of the neutron gg/» orbital for the observed island of isomers around ®Ni [35]
or similarly the role played by the neutron hi;/, orbital in the Sn isotopes [36]. A number
of those isomeric states would have a single-particle character which makes them easy to
access by the present two-step PF method using a single-nucleon removal, and also could
serve as a very good test ground for the nuclear structure.

In summary, we developed a novel method for RI beam production that allows for concur-
rent control of the spin of the produced RI. The validity of the method was demonstrated
in a test experiment performed at RIBF, RIKEN, in which an RI beam of 3?Al with an
alignment of 8% was produced from a primary beam of *¥Ca, with 33Al as an intermediate
product (i.e., the secondary beam particle). The FOM of the method was found to be more
than 50 times greater than that of the conventional single-step PF reaction in this particular
case. A simulation study conducted for performance evaluation indicated that the present
method dramatically broadens the domain of accessible nuclei in the nuclear chart. Such
an ability to control spin, when applied to state-of-the-art RI beams, is expected to pro-
vide unprecedented opportunities for research on the nuclear structure of species situated
outside the traditional region of the nuclear chart, as well as for applications in material
research where spin-controlled radioactive nuclei implanted in a sample serve as probes into

the structure and dynamics of condensed matter.
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FIG. 3: Experimental setup. A primary beam of “®Ca ions, preaccelerated to 114 MeV /nucleon,
is introduced into SRC (superconducting ring cyclotron), where it is further accelerated to
345 MeV /nucleon. The beam is subsequently adjusted to be incident to a primary target lo-
cated in the focal plane FO. The projectile fragments are analyzed and selected in the BigRIPS
beamline, where F1, F4, F5 and F6 are the momentum-dispersive focal planes and F2, F3 and
F7 are the double-achromatic focal planes. In the present experiment, a second PF producing
32A1 from 33Al takes place in F5. The TDPAD shown in the inset consists of a Cu crystal stop-
per, a dipole magnet, Ge detectors, a plastic scintillator and a collimator. The Cu stopper is 3.0

mm in thickness and 30x30 mm?

in area, and the dipole magnet provides a static magnetic field
By = 0.259 T. 3™ Al are implanted into the Cu crystal, and de-excitation v rays are detected with
four Ge detectors located at a distance of 7.0 cm from the stopper and at angles of +45° and +£135°
with respect to the beam axis. The relative detection efficiency was 35% for one and 15—20% for

the other three. A plastic scintillator of 0.1 mm in thickness was placed upstream of the stopper,

the signal from which provided the time-zero trigger for the TDPAD measurement.
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FIG. 4: Experimental results. (a)Energy spectrum. De-excitation 7 rays emitted from 32™Al at
222 keV and 735 keV were observed. (b) Time variations of Ni3(t) and Na4(t) for 222-keV + rays.
Events around ¢ = 0 originate from prompt v rays. (c) R(t) ratio deduced from Ni3(t) and Noy(t),
according to Eq. 1 The solid line represents the theoretical R(t) function in Eq. 2 after fitting to

the experimental R(t).
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FIG. 5: Nuclear chart of “accessible” nuclei. Black boxes indicate stable nuclei, while colored
boxes indicate unstable nuclei. Among the latter, red boxes represent those “accessible” with the
single-step PF method, and blue boxes represent nuclei which are only accessible with the two-
step PF method., where “accessible” here means that the nucleus of interest is producible with its
spin aligned and with a production yield sufficiently large to determine the g-factor of its isomeric
state with a 5 o confidence level in a one-day beam time. Here, the following conditions are
assumed: The degree of spin alignment is 10% for single-nucleon removal from the beam particle,
and reduces exponentially to 1% down to 10-nucleon removal, as has been determined empirically;
the intensity of the primary beam (rare-gas nuclei or 8Ca) is assumed to be 1 puA, which is the
designed maximum intensity at RIBF; the cross-sections for the PF reactions are estimated based
on parameter sets known as EPAX2 [28], and the cross-section for the secondary PF reaction is
assumed to be 1/1000, as usual; the isomeric to ground state population ratio for the nucleus of
interest in the PF reaction is 50%; and the external magnetic field up to 1 Tesla is available for
the TDPAD measurement. The inset depicts the mechanism of spin-gap isomerism for an odd-Z,
odd-N nucleus consisting of an active proton and an active neutron in their respective orbits jj,

and j, around a core of spin-parity J* = 0.
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