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Monte Carlo Simulation concerning Particle Therapy

M. Takashina, M. Suga, and M. Oda
Graduate School of Medicine, Osaka University, Osaka 565-0871, Japan
T. Horaguchi, and H. Toki
Research Center for Nuclear Physics, Osaka University, Osaka 567-0047, Japan
K. Niita
Research Organization for Information Science & Technology, Ibaraki 319-1106, Japan

INTRODUCTION

It is well known that the particle therapy has some advantages compared with the
photon therapy. For example, particle beam is effective at killing cancer cells, heavy-ion
beam delivers a high dose to tumor while sparing normal tissue, etc. On the other hand,
it also has some disadvantages: activation and relatively poor dosimetric precision. We
are currently studying the subjects concerning the above disadvantages by Monte Carlo
simulations: (A) Body activation during proton therapy, (B) Evaluation of perturbation
correction factor in proton beam. We use the Monte Carlo simulation codes PHITS [1]

and Geant4 [2].

(A) Body activation during proton therapy
It is a common case that, just after particle beam irradiation, medical staffs come
close to patient and remove fixture etc. (about 25 second after irradiation) It has been
pointed out that the patient body may be activated and the medical staff is exposed to
radiation.
In the present study, we simulate the activation of patient body during proton therapy
using PHITS code and decay equation, and estimate the cooling time required to protect

the medical staff from radiation emitted from patient body.

\

50cm
Water
IO
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Proton beam k/&ﬂ»” Detector (water)
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Figure 1: Geometry in the simulation calculation
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We consider the water phantom having a cylindrical shape, which simulates the
trunk (see left panel of Fig.1). It is assumed that the proton beam being 5 cm in
diameter is irradiated on the phantom at the energy of 150 MeV with the current of 300
nA for 5 seconds. The total amount of radioactive nuclei produced in the water phantom
is estimated by PHITS. Using the result of PHITS, the time dependence of activity in
the phantom is calculated by solving the decay equation for each nucleus. We also
evaluate the effective dose in the cubic water detector 30 cm away from the phantom
(see right panel of Fig.1) by the annihilation gamma due to the radioactive nuclei using

Geant4. In the present calculation, de-excitation gamma is neglected for simplicity.
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Figure 2: Time dependence of effective dose per hour.

The result of our calculation is shown in Fig.2. It is found that the activity of 20 is
dominant for about 10 minutes after irradiation. After that, the total activity decreases

slowly. Decreasing of effective dose per hour by half requires 5 minutes cooling time

(B) Evaluation of perturbation correction factor in proton beam by a Monte Carlo

calculation

The perturbation correction factor Py corrects influence from existence of wall and
cavity of ionization chamber, and is needed for precise dose calibration. Py for photon
beams (X- and gamma-rays) is well-researched. On the other hand, Py for particle
beams is not established, and hence, it is frequently assumed to be unity. We think that
precise value of P, is necessary for accurate dose calculation in planning of particle
therapy.

In the present study, we evaluate Py value for particle beam using Monte Carlo

simulation code Geant4. As the first step, we concentrate on the proton beam field.
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[Dair ]n [D air] Roos Dy, []) air] W

= = E

Roos ionization chamber

[ water [ air [EH] wall material [ water [Jair

Figure 3: (Left) cross-section view of Roos ionization chamber, (middle) schematic view
for the calculation of the wall correction factor, (right) same as the middle panel but for
the cavity correction factor.

As ionization chamber, we consider the plane parallel type one called Roos (PTW
34001) (see left panel of Fig.3), for which the perturbation correction factor Pp is
written as a multiplication of two factors as Py = Py, * Peay, Where Py, and Py, are
the wall and cavity correction factors, respectively. P,.; 1s calculated as P, =
[Dairlw/[Dairlroos, Where [Dgicly, represents absorption dose in cavity and [Dai]roos 18

that in cavity surrounded by walls (see middle panel of Fig.3). P.,, is calculated as

w

P, = M, where D, represents absorption dose in water and (L/p)%, is ratio of

v/

restricted collision mass stopping power between water and air (see right panel of
Fig.3).

The P,.; and P, values are calculated at 5 cm steps up to 23 cm depth, which is
shallower than the Bragg peak of the 200 MeV proton beam in water. The averaged
values over the depth are B,,; = 1.013 and P,,; = 1.020. Then, we can conclude that
the perturbation correction factor of ionization chamber Roos for proton beam is
P, = 1.033.

In actual treatment, spread out Bragg peak (SOBP) is used. In order to evaluate

more precise value, a sophisticated model of SOBP is necessary.

The above studies (A) and (B) have been mainly done by Masaki Suga and Michio Oda,

respectively.
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Surrogate Method
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An emerging method to determine reactions and decay properties of unstable or
rare nuclei, namely, the surrogate reaction method, is a unique tool in obraining data for
nuclear technology, nuclear physics and nuclear astrophysics. Status of a research in
the surrogate method based on heavy-ion as well as light-ion projectiles carried out at
JAEA in collaboration with other organizations is described.

1. Introduction

Accurate properties on reaction and decay of rare or unstable nuclei are more and
more necessitated in design of next-generation high-burnup reactors and fast reactors
acting as transmuters of long-lived radioactive nuclei contained in nuclear wastes. For
these nuclei, direct measurements using neutrons are extremely difficult to be carried out.
Therefore, a lot of important data still remain unmeasured in the minor-actinide and
fission product reagions. Similary, nuclear data for unstable nuclei at branching points
of the s-process are necessary to assess astrophysical conditions such as density and
temperature of the s-process cite.

Recently, a new method called surrogate method is being actively developed to
measure neutron cross sections indirectly using available targets. This method utilizes
nucleon transfer reactions or inelastic scattering to populate excited nuclei which
correspond to compound nuclei in desired neutron-induced reactions. Then, decay
branching ratios to fission or capture channel can be determined in principle. A
conceptual drawing of the surrogate method is shown in Fig. 1. This particular figure
explains a way to determine neutron cross sections of 23°U which has a half life of only
23.5 min. Obviously, we cannot conduct direct measurements using neutrons on a 23°U
target. Instead, we will prepare in the surrogate method a target of 238U and use a 2
neutron transfer reacction, 238U(180,160)240U* reaction, to populate the same compound
nucleus 240U as the desired 239U+n reaction.

Already, US-French collaboration has yielded some interesting results (see, e.g., refs.
[1,2] and references therein). However, physical foundation of the surrogate method is
not established yet. The problem lies in the fact that the spin and parity distributions of
the nuclei populated by the surrogate reactions are not easy to be determined due to the
complexity of relevant reaction mechanisms. Furthemore, the spin-distributions are
(very probably) different from those of the neutron-induced reactions, while the decay
branching ratios are sensitive to the spin-parity values in the energy range of our interest.
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Desired reaction o
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® m— 1 capture
neutron ~<__
Target j'f? Fission
A .- < Fission neutron
Surrogate reaction N '-'—li’, - Fission fragments

_— "3 Neutron emission

nucleon transfer

reactions
Fig. 1 A conceptural picture of the surrogate reaction. This particular example shows
a way to determine neutron cross sections of short-lived nucleus 23°U (T12=23 min.) by
populating the same compound nucleus 240U via 238U(180,160)240U reaction.

These problems are fundamental in nature, so reseach from the viewpoint of nuclear
physics i1s necessary to understand the underlying physics and to really yield the desired
neutron cross section data by the surrogate method.

In this paper, a JAEA-based activity on the installation of equipments for the
surrogate method and its physical justification will be explained briefly below.

2. Strategy

By using the surrogate method, we plan to determine primalily 1) fission cross
sections, 2) capture cross sections, and subsequently 3) fission-fragment mass
distributions and 4) number of prompt neutrons per fission, of minor actinides. Also,
capture cross sections of LLFPs and some nuclei relevant to the s-process nucleosynthesis
are in our scope. Therefore, our detection system must involve i) charged-particle
detercters to identify the populated nuclear species and their excitation energies, ii)
fission fragment detectors, iii) 7y -ray detectors and iv) neutron counters. The system is

neutron counter

T T T T T T T T T T T T T T T T T

80~ 160MeV
Silicon AE-E

detectnr‘ Fission I 20 /'/ \\\ _
F ts (FF)
neutron I: .......... :?-g-r:?:-s-----zl A I.} A |

counter L L L | 1 1 1 1 1 1

0 50 100 150

E (MeV)
Fig.2 A schematic layout of the surrogate Fig.3 Charged-particle spectra obtained by a
detection system under plan silicon A E-E deterctor
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shown schematically in Fig. 2. The charged particles are detected by silicon AE and E
detectors, which will yield a signal such as shown in Fig. 3. This spectrum was taken in
a test experiment for the 80 + 238U system as explained below. We can observe various
isotopes of O, N and C (although not designated). They correspond to population of a
series of U, Np and Pu isotopes as compound nuclei. Therefore, surrogate reactions
based on heavy-ion projectiles have a certain advantage that they can populate many
compound nuclei cimultaneously, while those based on light ions such as 3He can
populate less variety.

3. Test experiment and detector development

A text experiment was carried out to verify that the surrogate method based on
heavy-ion projectiles can yield desired fission properties[3]. We have chosen the 80 +
238J system, for which we have enough experience in the in-beam v -ray spectroscopy.
The detecor consists of the silicon A E-E counter and the MWPC (multi-wire proportional
counter for detection of fission fragments) of Fig. 2. Figure 4 shows the number of
coincidence events between 60 ejectile and fission fragments as a function of the
excitation energy of residues. We observe a clear threshold of 5.5 MeV, which coincides
with the fission barrier of 240U. This result therefore shows population of 24U and decay
of it to the fission channel. At the upper horizontal axis, equivalent neutron energy in
the n+239U system is indicated. We also observed fission fragment mass distribution
(FFMD) from a number of residues. Some examples are shown in Fig. 5. All these
FFMD data were observed for the first time (still preliminary though). Therefore, it was
justified that the surrogate method based on the heavy-ion projectiles can yield a large
variety of new data. Based on these experiments, we finalized design of our equipments.
We have also prepared an anti-Compton vy -ray detector system. The main detectors of
it are two 4"-dia. by 5"-thick LaBrs(Ce) scintillators. The fission neutrons will be
measured by an array of NE213 liquid scintillators.

E, (MeV) in n + 233U system
0 5 10 15 20

40 I||||I||||I||||I||||I||||
c 5.5£0.6 MeV
:
£ 230 "\\\ - -
v g > oS
2 £ i - 1
20} —3 —
55 L 1 £ >~ 6[243p T 1.
82 202pyn |14 |4
2510— < {ﬂ IH 41 EJ'F i‘%
5 c [ 4 I ]
I f _ (I L
O™ ™50 15 20 25 30 56" 100 150 200 O~ 100 150~ 200
Excitation energy of 2*°U (MeV) Fragment Mass (u)

Fig.4 Number of coincidence events between Fig.5 Prelimiary FFMD data from various

160 and fission fragments for a residues measured by a surrogate reaction

238J(180,160) reaction|[3] 238U+180[3]. FFMDs from these nuclei were
not observed in the past
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4. Theoretical studies

Theoretical investigations of the surrogate reactions are important since simple
Weisskopf-Ewing approximation is not applicable to low-energy neutron reactions.
Therefore we have to find condition under which the surrogate method really yields
information which can be converted to desired neutron cross sections. Especially, the
capture cross section may deviate by a factor of 5 or more due to the difference of spin
distributions between neutron-induced and surogate reactions[2]. Recently, SC and
Iwamoto have discoved a condition for the surrogate “ratio” method to workl[4].
Surrogate ratio method requirs an existence of 2 pairs of neutron-induced and
corresponding surrogate reactions. It was concluded that 1) the weak Weisscopf-Ewing
condition defined in ref. [4] should be satisfied, 2) the 2 surrogate reactions should yield
equivalent spin-parity distributions, and 3) the maximum spin populated by the
surrogate reactions must not be too large (less than 10 hbar) compared to the
neutron-induced reactions. It was demonstrated that even the capture cross section can
be determined with an accuracy of around 10% if they are fulfilled. In ref. [4], however,
the conditions 2) and 3) were simply assumed. Then, we verifed these conditions based
on both quantal[5] and semi-classical[6] models in subsequent works.

The quantal model describes the 238U(180,160)240U reaction as a one-step transfer of
a dineutron from 180 to 238U by a three-body piture[5]. The model is formulated as a
Born-approximation with a CDCC (coupled discretized continuum channels) wave
function which includes the breakup effects. The calculated angular distributions
corresponding to different values of spin transfer are shown in Fig. 6. The incident
energy was chosen to be 160 MeV which is close to the energy we are planning in actual
experiments. We notice that this reaction yields a well-defined peak at the grazing
angle, forming a well defined spin distribution. It shows that the whole process proceeds
in the semi-classical manner (like Fresnel diffraction). The transferred spin has a
maximum at 5, and the spin distribution do not depend much on the angle and target

1.6 L O A B IUD_|\|\‘\\|\|H\||\\\|‘H\\||H|‘|\|\‘|||\‘\|\|j
B

o

— 0
— 1

—_— 2

1 |7

=

= T LY T T e R
=

A

i

I N T T T T A T I T O A
do/dC (mb/sr)

Sleanatts i b4 1072
0 10 20 30 40 50 60 70 0 20 40 60 §0 100 120 140 160 180

6 (deg) 6 (deg)

Fig.6 Angular distribution of 160 for Fig.7 Angular distribution of protons for
different spin-transfer values (denoted by different spin-transfer values in the
numbers) in the 238U(180,160)240U, s reaction 238U(3He,p)240Npgs. reaction at incident
at incident energy of 160 MeV([5] energy of 30 MeV/[5]
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nucleus[5]. Therefore, the conditions 2) and 3) of SC and Iwamoto paper explained
above are shown to be satisfied within this model. Such a feature is in sharp constrast
to what we expect for light-ion induced surrogate reactions which exhibit typical
quantum-mechanical diffraction patterns (see Fig. 7), which makes the spin distribution
very sensitive to the detection angle, Q-value and target mass. The quantal model will
be used to investigate physics occuring in the initial stage of the reaction.

It was shown above by a quantum-mechanical model that the reaction #0+238U
proceeds in a semi-classical manner. Therefore, it makes sense that we construct a
semi-classical model which can describe the whole process of surrogate reactions. Such
a model is constructed[6] based on the unified model of Zagrevaev and Greiner[7]. In
this model, the reaction is assumed to go through initially on a diabatic potential energy
surface of the total composite system, 256Fm, and nucleon transfer is described by an
inertialess change of asymmetry parameter. Then, we switch to the potential enregy
surface of residues, e.g., 240U, and decay of it is considered (Fig. 8). Time evolution of the
whole process is described by a dissiption-fluctuation theorem in terms of a set of coupled
Langevin equations. The potential energy surfaces are calculated by a folding model for
initial diabatic phase and by the 2-center shell model otherwise.

This semi-classical model is powerful enough so it can predict almost all of the
observables of the surrogate reactions, namely, the angular and energy distribution of the
gjectile, the mass, energy and angular distribution of the fission fragments, and angular
and energy distribution of emitted neutrons via evaporation, pre-scission emission and
emission from fission fragments. These imformation are vital to assess the spin
distribution of populated compound nuclei.

An example of the predicted fission fragment mass distribuions from 26Fm and 240U
are compared in Fig. 9 with experimental data obtained in the test experiment (still
preliminary). These data can be obtained cimultaneously in the 80+238U reaction
system. We notice that the present model can describe both the single-peaked
distribution from a highly-excitged 2°¢Fm nucleus and the double-peaked asymmetric

Vdiabatic

- a2,
l;;m“ﬂaﬁ““mmﬂ“ wﬁ&:

Fig.8 Schematic picture of the semi-classical model developed to desribe whole process of
the surrogate reaction[6]. This fugure corresponds to 238U(180,160)240U reaction
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mass distribution from 240U in a unified manner, which alone is a great advancement of
the nuclear model toward practical calculations of fission-related phenomena.

1m 1 1 1 1 1 1 T T T ¥ T T T T T T
— | 240, (* J
2 o] U
P T E* =20MeV §

‘@ 600
a «o
=
o 2001
0. 0

0 50 100 150 200 250 300
Fragment mass (u) Fragment mass (u)
Fig.9 Comparison of predicted (histogram) and observed (circles) mass distribtuion of

fission fragments in the 180+238U reaction. A model parameter (y tan) was determined from
the data of 256Fm (left panel)[6], and it was used to predict FFMD of 240U (right panel)

We also plan to determine the spin distributions (or at least average spin) of nuclei
populated by the surrogate method, which will give a crucial information to decide
relation of the decay branching ratios for the desired neutron-induced reactions and the
surrogate method. Evaporated neutron spectra, v -ray energy spectra and their
multiplicities, and FFMD will give such vital information[8].

5. Summary

A JAEA plan to develop experimental and theoretical tools to investigate surrogate
reactions to determine neutron cross sections of unstable or rare nuclei is described. The
project started under financial support from MEXT. 1 wish to notice that some
variations of the method, such as the inverse kinematics, projectile fragmentation and
even some other methods would be possible as a surrogate method and in some cases they
would be very useful. We are wokring on that direction as well.
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On the angular distribution of intermediate-energy heavy-ion reactions
based on a simple model
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Few-nucleon forces in chiral EFT
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Abstract

The nd and pd breakup differential cross sections for the nucleon laboratory energies En <
65 MeV are examined using the energy-independent quark-model nucleon-nucleon interaction
fss2. The Coulomb effect is incorporated by the sharp cut-off Coulomb force, acting between
quarks, without the phase-shift renormalization for the breakup amplitudes. Our model
yields the results very similar to the meson-exchange potentials, including disagreement with
experimental data for some specific kinematical configurations. This includes the notorious
space star anomaly of the nd and pd scattering at En = 13 MeV. The shape of the pp
final-state interaction peak in E4 = 130 MeV dp scattering data from KVT is not correctly
reproduced, probably because the half off-shell behavior of the two-proton t-matrix is not
appropriate in our Coulomb treatment.

1 Introduction

In spite of the great success of rigorous three-body approaches [1] to the neutron-deuteron
(nd) and proton-deuteron (pd) scattering, some three-nucleon (3N) observables are not well
reproduced in the nucleon laboratory energies En < 65 MeV even with the recent accurate
treatments of the Coulomb force [2, 3]. This is particularly true for deuteron breakup processes.
It is therefore worthwhile to reexamine the NN interaction itself if the present-day realistic force
is the most appropriate one to start with.

In previous studies [4, 5], we have applied the quark-model (QM) baryon-baryon interaction
fss2 to problems of nucleon-deuteron (Nd) elastic scattering. This interaction model fss2 [6]
describes available NN data in an accuracy comparable to the modern meson-exchange poten-
tials. By eliminating the inherent energy dependence of the resonating-group kernel, fss2 was
found to yield a nearly correct triton binding energy, S-wave nd scattering lengths and low-
energy eigenphase shifts without introducing the 3N force [7, 8]. The so-called A, puzzle at
low energies E, < 25 MeV is somewhat improved in this model [5]. In this study, we examine
deuteron breakup differential cross sections for various decaying kinematics in the energy range
of En <65 MeV [9], by incorporating the Coulomb force approximately. Our main motivation
is to determine if the quite different off-shell properties, originating from the strong nonlocality
of the QM baryon-baryon interaction, affect the deuteron breakup differential cross sections. In
contrast to the elastic scattering amplitude, the breakup amplitude covers a wide momentum
region of the three-body phase space. It is found unfortunately that fss2 gives predictions very
similar to the meson-exchange potentials and does not improve much the discrepancies between
the theoretical and experimental results.

*e-mail: yfujiwar@scphys.kyoto-u.ac.jp
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Figure 1: Breakup differential cross sections for the reactions d(p,2p)n (solid curves) and
d(n,2n)p (dashed curves) at Ex = 13 MeV, compared with the experimental data.

2 Coulomb treatment

In the present calculation, the error-function type Coulomb force between two protons is treated
as the three-body symmetric operator in the isospin formalism. The breakup amplitudes of the
ppn system acquire an almost common phase factor, which does not contribute to the breakup
differential cross sections. We therefore neglect this phase factor as a first step and calculate
the breakup differential cross sections directly using the Coulomb modified breakup amplitudes.
The sharp cut-off radius of the Coulomb force acting between quarks is chosen to be p = 8
fm and the two-nucleon angular momenta up to Ina.x = 4 are included with the momentum
discretization points specified by ni-ng-n3=6-6-5 in the notation of Ref. [4].

3 Results

Figure 1 shows the breakup differential cross sections for the reactions d(p,2p)n (solid curves)
and d(n,2n)p (dashed curves) with the nucleon incident energy En = 13 MeV. We find that the
Coulomb effect is rather small in these examples and our results are very similar to the predictions
by the meson-exchange potentials, given in Refs. [1, 10] and [2]. A slight overestimation of the
peak in quasi-free scattering (QFS) is reduced by the Coulomb effect and the agreement with the
pd experimental data [11] or more recent one [12] from Kyushu university group is improved. The
np final state interaction (FSI) peaks are generally well reproduced. In the collinear (COLLI,
COLL2) and coplanar (Coplanar) cases, the most recent nd data [13] agree well with theoretical



Soryushiron Kenkyu

d°0/dQ,dQ,dS [mb/MeV sr] d°0/dQ,dQ,dS [mb/MeV si’]
25 — T T T T T T T T 20 T T T
E4=16.0 MeV COoLL1 E4=16.0 MeV COLL2
ool 61724.4 6,=40 | D 60,7334 0,334 L/{
#,,=180

ul

S [MeV] S [MeV]
d°0/dQ,dQ,dS [mb/MeV sr] d°0/dQ,dQ,dS [mb/MeV si’]
““““ ———
15} E;=16.0 MeV 6,=31.4 6,=31.4 1 o Ec=16.0Mev NS2
0,=24.4 6,=35

\ $7180 T Ngp I,' 30r
11

b $.,=180

20r
10

10r

-5 0 5 -5 0 5
S [MeV] S [MeVv]

Figure 2: Breakup differential cross sections for the reaction H(d, 2p)n with E; = 16 MeV (solid
curves), compared with the experimental data [14].

predictions. The space star result is located just between the lower pd data and the higher nd
data, which is the same feature as other predictions by the meson-exchange potentials. This
disagreement of breakup differential cross sections at F,, = 13 MeV was reported a long time
ago, and is still an unsolved problem called space star anomaly [13].

We compare in Fig. 2 the breakup differential cross sections for the reaction H(d,2p)n at
E; =16 MeV (solid curves) with the experimental data [14]. The Coulomb effect from the dashed
curves (no Coulomb) to the solid curves (with Coulomb) clearly improves the agreement with
the experimental data in collinear (COLL1, COLL2) and the non-standard (NS1) configurations,
although not perfect.

Very accurate KVI data for the H(d, 2p)n reaction with E; = 130 MeV [15, 16] are compared
with our predictions in Fig. 3. Here we find that the pd calculations with the Coulomb effect
(solid curves) generally improve the agreement with experiment except for the dip structure
seen at the pp final state interaction for the first panel (6; = 03 = 13° and ¢12 = 20°). A more
accurate treatment of the Coulomb force, reproducing the correct low-energy behavior of the
half-on shell two-proton ¢t-matrix, is apparently needed for the improvement [16]. For the large
azimuthal angles ¢12 ~ 180°, the underestimation of the breakup differential cross sections may
not be only due to the flaw in the Coulomb treatment.
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Figure 3: Breakup differential cross sections for the reaction H(d,2p)n with E; = 130 MeV
(solid curves), compared with the experimental data [16]. Here 6; = 6 = 13° and ¢;2 are
changed from 20° to 180° with a step of 20°. The results in the no-Coulomb case are also shown
in the dashed curves.
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4 Summary

We have applied our energy-independent quark-model nucleon-nucleon interaction fss2 to the nd
and pd breakup differential cross sections for Fny < 65 MeV. The Coulomb effect is incorporated
in the screened Coulomb approach without the phase-shift renormalization. This procedure
seems to give a reasonable result when the effect of the Coulomb force is not so strong as the
pp final state interaction. An exception of this rule is the space star anomaly at Eny = 13 MeV,
in which the effect of the Coulomb force is small and yet a big difference of the nd and pd data
is experimentally observed.
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HE A o B LEBANZ LD o BEEOFININEECTH 5. B O FELECIRRE THE— o 3
T5HDMN Be THDH. FELHINZEH Wefelmeier[1]1 6 DJFFEED 7 T A &Z —EAFIEIT T A —
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WEEZPE L L 5 & L7z Wl O [4] A6 K 7 00— 7130 B RS s A 0 Be ) & & 2 5T
W2 sd REREIIC, BENCHE A OA T Ne DIEEREZ TR T o 3 v VETRICHfE L &
I L L. ZOH%OMIEL o 7 T A X —HEED sd FFEBICE W T OO EE 2 m T H
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i =R L —IZ & b7 O BRI X OMEE LA RRE L L 9 & Licopsi HERfER] <
b AR 2 MHEEEREZ S BV T A X — BRI sd SRR BV TRV 5 )
B EWD, 2R LEET 5 E 2BV [5,6] .
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XN EENKE 20, BIELFHICSRINIC Y 7 27 —REEZ EBRIICHDOT 2 D1
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DR E & 722 R UL T O SEBRE - MRS 3B O FEmm B a2 T A 5 [7,8]. K ko
Dt Ex R D HETH D, IEGELY)
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G2 ONe DY T A S — R BELOBAD B L L 5 LBoT 1970 4£RIT a K F0
XD BREERAFITOWNWTIEER R T ¥ v VRPNV TIEIY TEEESL LV H D
THFE T Ao T, o R IR AR BETH D EHBEICLEIPN TVEKNATH
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Do+ 100 OHELIZ I TH T O I R Y JL 12 L5 Lo A 53 A1 H3REE 0 4 T
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20-30 MeV DN ANF—THRTA~D o 2 ALY B BT Lo i
B HGELS BE IR E < BEHER /2D v X . LT ESXN5 M ICBITF S +1%a 75
VoY HRT M TRBEERME 2 p s (b) & FEBRE (a) [14].
TERVWDOTERITARELLST6N, 2=

VAR RO T I —T WG LT, Ca DI o b NFFE L, AR 1 & 1
e RFELTHTE TN DO TIERWNE W OGS H Sule. — 77, EmmaOER TId Ti
X Ne DT FuIEEN) Z LT, BREZFMNI a7 7 AX —iEEZEM L L 5 &3 D%
MHED LN TN, 7272, EBRTRON S TND T T AX—REOHEMEEZX DNDH 1
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IZE D RGM R GCM TH BV D RE %) 2 (R AAERIEhE =1L X —HF) 9 MeV 112 N=24
D0 DY T A X —AEER D L ICRDIUT LN LR D0, MENEE T ERiRo
P0+%0 7 T A 2 —HEIEDREFR I HED D BT,

Bla 212Po D o RAEELR, 7 T A ¥ —t&iE & UTHEL
X0 BV 2P fHIR TIE 2 T A
2 —RE G 22 128 O FE IR I

EHEOFERNEMTE 52 &
&2 Lanl, 2ib DR o 1
HERIL 2 2P0 I EDOEWE DI

93.6 MoV .

- ; 208 3
BB EIEE A LA TR & atT P b
SREBECETIRTHORR & F 19 MeV ]
(& SRS L ALY e 20 MoV T

o ool ooyl el o

BEHRIED o i 08 & L 72 LE ’\\ S
NI L TH D R O KB 107k 242 MeV

ARG R EIL2 1 2P0 D o HAHE 10-2C X

Vi SR 10 5500 1 b 72 0 %0 180
W [20]. Oem

aKOMAEERIXa-*Ca, o *Zr 5. EABET L X M LD a -2 BELO
AROT EORERRIFREND, IO apife (R & KBRIE (RS Oreiz(21],
7 OWLHGELDS BRI L2 2R WV BV R D
RT v, B2 IR OBIABRT v v MR T2 Z L1k 07 <R
ODHZEMAHEE o T2 a+*Ph BELD a—?9Ca, a—"Zr EIRERIZAT v ¥ WERIC XL
<FEIREHL 5. M 512 DDM3Y A2 2 KN K D BIARKRT v v VTR 2§ H W CERRE S
72 a+%Pb BELOADH D RENTND. ZORT ¥ Lz b bWz s T 2L —RICEH
BN EERRED o lFIT R E WEREZ K < HEBIT 5. LK/ S RNEBO KXW B(E2)
b LRSS [21, 22]. falr, 298P Dbk 2 D AN BIR R o +2%Pb 7 T A KX —
BARIT BE2) DFERED—EN I HIZHHEINDLZ &, £2REWV BED b HETEL 2 &
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DR STz 23],

Bl5 %0 D 4o BEDBIRE - N— R LB STARY - 7 VILEEL - IWEEL
WMEBELOIRELE 7 T A X —HERH— IR CE 5 Z &8, IR E TO o« + 1 00,

a+%%Ca, "90+'%0, o +2°8Pb R TR I LA TIIRGRIL L 22 0, IEHMEIC IV T H AT

BEL s 7 VHEEELAS B B 5. o +1%a R0Li+2Ca IT DWW TE D A 1 = X b L B E W) i

0

0 10 20 30 40 50 60 0 10 20 30 40 50 60

6. ALAS - ITHELAR T oY b TEESND Y0128 b a+12C, a+12C(07,)
i (a) & F2BRAE (b) & DLz [30].

CoHnTnb[24]. 20 Z LI FEMMERTEGELAS, b L 72 1-8% & OF BEA/EA OB L O
W L7z 7 7 A X —fEIEOFRICB AR THL Z EE2RBL TN D.
EBRT - NEEIZHY, WHAIZBIIKEN DN o +12C R THDH.'°C DoV TAH
— ST A S 3 KOV ER BIZ L0 RUERAICHFSE S 30 AELL ERR T BIEIZ BV T H W EERY
NEIZBWTREEFERE O & OIS T % [25, 26]. Z ORFZET 12C D% 2 ik 0 TIREE (&
A JVIREE) 1 THIESURABE TIEe <, 5 00ITHEA Lz a +8Be W2 LD Z E A B
&N Tbb 3O a R FHIZRAETIZ/AR S B 5 RRICH 5. ik Z b O3
OGNS, a RPN AR—XEEE L TV T, TORRERREVEREZ LD LITR-T
WD DTV LR S L7z [27]0 RAGR < SEARIT o + 1 2C FERMEITHGELO = 7 U — i
DTG, IRA TARRED PR ILERBE IR D & R&E WD L Z/R L72[28]. A LR EE
DFRENBKEVDD E Vo THR—REHMDIRIEIZSH 5 L IXAH TRV, EROKE 121
FEZNE L H Y, 3 REED LR B0 0 KE V. (RO TNEWL S & o TREY
LITWZRVWOEBRT ZMNENH D) BIRE), ~ A 2T —2h 570 &R — XA O
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HENERINDAIZENLVIHHFHUTHS.

B D a bR I1TE D725 9. Schuck HIE o EEMEIRAE L LT 14 MeV D 0 "HKHE, RCNP D F
BRCIERL &7~ 13.8 MeV D 0, 15. IMeV @D O "D AJREME Z 3 U 7= [29]. BIEITEE D W 5 =07
RS LIDIRREZ R D12, BELIRRE L L CE B A LM LERH S . K6 12 a +12C FE
BRMERTHGEL - 77 LT - ALAS Z2 BT DM EEH 2 L W TR SN Y0 D o 7 T A X —H
ENERR L I L ORI TN D [30]. EBRCTHADONP> TS a+12C R T 4 - X T Ly
FNedbal TAX—NY RIZESFHIINTWD. EHTRE MK 4 o EAREREE
EENTWEREZ R L E—16 MeV H720D D 25,4, 608 a +12C(0 7 ,) fid & L CHEfiF
INDHZETHDL. LbANIT A ORELTEIND. £, ERTROH> TN D «
BEDORZUN15.1 MeV IZH D 0 REBIZ Z N D OERER FiCiT7e <, & L < IEMRER I/ &
KIpoTWNHZETHD 4D 1) . ZDZ LT 4a%D 15.1 MeV 0 "3 [Eldis~ A A5
—IIRERLTWVWDHZEEZREBLTND. DED,15.1 MeV 0 REED 4 D o K1 I1ELHEHTE
BRIEICH D & BEXHND. 4 HORTEIREINIEZ 5 Z LIIMAIRFRTH R2o0> T
720 FREEEIICIE 4 BLLED o R CTHRREINKE Z 2 L HfF S D, SV = R L F—0
BB T2 O X D R RFERNAFAET 20N DD L NEETH L. hEE— N
ELTHIRF SN & TIRIREENGFIET 200 b ERIICHRD Z ENEEND.

3. F¥&®

LIk, a+'%0="Ne (higher nodal IREE & ALAS, BAA DFE—) , a+°Ca=*4Ti (FV VELL
ND YT AL —HEEORE) , 90+°0="2"2S (HrFRIG L LI EBEAROR ) , o
+HOPh=""Po (K& W a i & 7 T A X —HfiE), a+7C="°0 (o EbifHOEETTE) & FEFRIELLEEL)

& R 5 I DWW TIRRVEE D B EVMED 7 7 A X —REIENFRIC W T, #EL & g O #t—
HIRLIE DR D F ML 7 T A 2 —BFFROFE BRYEIRUZ SZE U 7228 HoR U W BcEL I
PERGEL, FEMERGELZ B DA R bR T D 7 7 A X — e O M2 8) 0 Bl < oI f H
RIEmRTHA D MLUTHL & R EE227 CRITE S LR,
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Abstract

Recent relativistic-mean-field (rmf) calculations have provided nuclear distribu-
tions of some isotopes whose mass numbers are much larger than atomic numbers.
For helium isotopes, the rmf calculation seems to be inappropriate because of the
small mass numbers, however, applicable results are obtained for 8He nuclei.

The author calculates observables of proton elastic scattering from the helium
isotopes, and discusses relations between observables and nuclear distributions of
the isotopes by comparison of the calculated results with experimental data. The
calculations are based on relativistic impulse approximation (RIA) at incident pro-
ton energy: 71 MeV for 468He, 300 and 500 MeV for *He, and 0.7GeV for ®He.

I Formulation

The Dirac equation containing the optical potential is described in momentum space as
follows:
3

{7°E —~-p' —m} ¥(p') - / (if;?) U(p'.p) ¥(p) =0, (1)

where W(p) is given by the Fourier transformation of the wave function in coordinate
space:

U(p) = /d%e’ip'r\ll(r), (2)

where natural unit ( h =c¢=1) is taken.
In accordance with the prescription of the RIA [1], the Dirac optical potential is given
in momentum space by

. 1 Bk - q q. .
0w.p) = ] [ k= =g D) )|
1 Bk - q q, .
_ZTIQ {/ WMpn(p’ k— 5 - pla k + 5) pn(k7 q)} ) (3>

*e-mail:spkkaki@ipc.shizuoka.ac.jp



Soryushiron Kenkyu

where p, and p,, are density matrices for protons and neutrons, respectively. The trace is
over the v matrices with respect to the target nucleons and the subscript 2 in the trace
corresponds to the target nucleons.

Taking the optimal factorization into account, the optical potentials are written in the
well-known tp forms:

A 1 ~ q q. .
U(p’,p) = —ETQ {Mpp(P> 9 —p, 5) pp(‘1)}

1 ~ q q, .
T {(V(p, 2 = 5. 2) e} @

The relativistic density matrix p depends only on the momentum transfer ¢, as follows ;

p(q) = ps(q) +3pv(q) — 1o g

pr(q), (5)

where each term is a Fourier transformation of a coordinate-space density;

ps(@) = 47 [ jolar)ps(rrab. (©)
pvla) = 4 [ jolar)py (. ™)
> Jilgr)

pr(r)ridr. (8)

pr(q) = —4mm /0

Nuclear densities, provided by the relativistic mean-field theory [2], are described in
terms of upper and lower components as follows,

pstr) = Y2 ) - R (9)
poir) = 2@ + R0, (10)
o) = 22 G ) x Bl (1)

where « represents the quantum numbers of the target nucleus.
In the generalized RIA[1] the Feynman amplitude for NN scattering is expanded in
terms of covariant projection operators A”(p) to separate positive (p = +1) and negative

(p = —1) energy sectors of the Dirac space. The invariant amplitudes, M} " llpg, and
kinetic covariants, k,,, are given by
M(prps — phoph) = 3. AP(p))A%(ph)
P1,P2,P7,Ph
13 .
% Z M£1P2P1P2 IinApl (p1>AP2 (p2>’ (12)
n=1

where subscripts 1 and 2 correspond to the projectile and target nucleons, respectively.
The covariant projection operator A?(p) is defined by A?(p) = 5-(p ¥*p,+m), and kinetic
covariants k, are constructed from the Dirac matrices. The scalar Feynman amplitude,
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VAN
My?71P2 - consists of the direct and exchange parts, each of which represents a sum of

four Yukawa terms characterized by coupling constants, masses and cutoff masses. In the
present calculation, the IA2 parameterization of Ref. [1] is used.

Substituting Eq.(2) in Eq.(1) and replacing the momenta with appropriate operators,
the coordinate-space Dirac equation is obtained as follows:

{VE+iv-V—m-U(r)}¥(r)=0, (13)

where U(r) has five potential terms as in Ref.[1] and is described as follows,

U(r) = 5(7‘) + 7017(7“) — o f“T(r) — {gLs(T) + ’}/OVLS(T)} o-L. (14)

components, and solving for ¢ and using the form 1) (r)y = K (r)¢(r) in order to remove
the first derivative terms yield the following Schrodinger equatlon o(r),

{-V2+2B(U, + Ui o~ L)} 6(r) = {(E - Ve)* = m?} o(r), (15)

Equation (13) is written as two coupled equations for the upper ( ¢y ) and lower (4, )
(r) i
for

where Coulomb potential Vi is explicitly written. The Schrodinger equivalent potentials
for TA1, for example, are given as follows:

A Or r or
1 8 [ ,04 3 [(0A\?
+(‘2r2m( a>+4A<a>)} (16)

1 1 (0A T
Us = QE{_TA (0’/’>+2r}’ (17)

1
A= g (BE-Vim+S-Ve). (18)

1 TOA T 0T
U, = 2E{2EV+2mS V2+52—2VVC+<T2—+2+ )

This TA1 corresponds to well-known five-term expansion and is obtained by setting p; =
pi=1(i=1,2) and nye, =5 in Eq.(12).

II Results

Table 1 shows root-mean-square radius of “He nucleus. On the table, tma in the first
column corresponds to the result for relativistic mean field calculation and provides rather
large radii of both proton and neutron. Modified distributions are tmav1 and tmav2 which
are obtained by compressing the profiles given by relativistic mean field calculation. For
reference, charge means proton nuclear radius calculated with charge radius which is
provided in terms of electron scattering.

Figure 1 provides proton and neutron distributions with linear scale in upper, and
with logarithm scale in lower ones. Solid, dotted, and dot-dashed lines correspond to
results for tma, tmavl, and tmav2, respectively. It is seen that tmavl has compressed
distributions of both proton and neutron, while tmav2 has a more compressed neutron
distribution and more expanded proton one than tmavl has.
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Table 1. Root-mean-square radius Figure 1. Density distributions of proton and
of proton and neutron distributions neutron for “He.
for “He.
- proton - neutron
T'rms (fm) | proton | neutron ‘ ‘ N .
He(c) "He \ He(c) "He

tma 2.150 2.137 ety \ heth

tmavl 1.433 1.425 0.4r e :;0:70 0.4 e :;0:70

tmav2 1.720 1.068

charge 1.496 -

In fig.2 observables of proton-
elastic scattering from “He are
shown at 71, 300, and 500 MeV.
Results only for tmavl (dotted)
and tmav2 (dot-dashed) are given.
Both distributions reproduce simi-
lar profiles of differential cross sec-
tion at all energies considered here,
but analyzing power data at 300

and 500 MeV favor the result for °
tmavl, though both distributions
fail in reproducing A, data at 71

MeV.

“He at E,=71 MeV

“He at E,=300 MeV

radius (fm)

“He at E,=500 MeV

2\

N

0

firy
o
T

do/dQ (mb/str)

da/dQ (mb/str)

-
=S

iy
%

da/dQ (mb/str)

<of

20 40 ' 60 80

(b)

20

40

60

80

-1

©

2 4
radius (fm)
Figure 2. Ob-
servables of proton
elastic  scattering

from “*He at 71,
300, and 500 MeV.
Each column is
composed of (a)
differential ~ cross
section, (b) ana-
lyzing power and
(c) spin rotation
function. Dots are
experimental data
3] for 71 MeV, [4]
for 300 MeV, and
[5] for 500 MeV.
Dotted lines are
results tmavl, and
dot-dashed  lines

-1

©

20 40 60 80
angle(deg)

-1

20 40 60 80
angle(deg)

20 40 60 80
angle(deg)

are the results of

tmav?2.
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Table 2. Root-mean-square ra-
dius of proton and neutron distri-
butions for He.

T'rms (fm) | proton | neutron
tma 2.044 3.054
mc 1.982 2.871
tmavl 1.635 3.352
tmav?2 1.720 3.385
charge 1.955 -

Table 2 shows root-mean-
square radius of *He nucleus. On
the table, tma and charge in
the first column are the same in
Tab.1. Modified distributions are
tmavl and tmav2 which are ob-
tained by compressing the proton
and expanding neutron profiles in

®He at E,=0.7 GeV

Figure 3. Density distributions of proton and
neutron for %He.

proton -3 neutron

°He at E,=71 MeV

do/dt mb/(GeVic)*

<o

20 20 60

0 0.2 0.4

-t (GeVic) angle(deg)

80

Figure 4. Observables of proton-elastic
scattering from %He at 71 MeV and0.7

GeV. Dots are experimental data [7]
71 MeV, and [8] for 0.7 GeV.

for

2
r(fm) r(fm)

different way. For reference, different result
is given as indicating mc which is obtained
based on a Monte-Carlo calculation [6].

Figure 3 provides proton and neutron dis-
tributions with linear scale in upper, and nu-
cleon distributions in lower with linear scale
for the left side, and with logarithm scale for
the right side. Solid, dashed, and dot-dashed
lines correspond to results for tma, tmavl,
and tmav2, respectively. In the case of ®He,
tmav1 has compressed distribution of proton
and expanded one of neutron, while tmav?2 is
given by *He core + two expanding neutrons.

In Fig.4 observables of proton-elastic

scattering from ®He are shown for 0.7 GeV
in the left side, and for 71 MeV in the right
side. It is seen that tma and tmav1 distribu-
tions give good agreement with differential
cross section at 71 MeV, while as similar to
the case of *He nucleus they fail in reproduc-
ing analyzing power. In the region larger
than 40 degree, two distributions give differ-
ent A,. For 0.7 GeV, observables are shown
with respect to square of transfer momentum
in accordance with experimental data.
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Maximum value of transfer momentum in the differential cross section is different from
those of spin observables. Significant difference among results for different density dis-
tributions appear in the region larger than 0.1 (GeV/c)? in both cross section and spin
observables.

Figure 5. Density distributions of proton and
neutron for He.

Table 3. Root-mean-square ra-
dius of proton and neutron distri-
butions for *He.

proton neutron
(m™ (m™)
T'rms (fm) | proton | neutron | e | e
tma 1.975 3.193 . o .
a=0.85 1.646 - o a=0.90 0.1 a=0.95
a=0.90 | 1.778 | 2.873
a=0.95 1.876 3.033
a=1.10 - 3.510
a=1.20 - 3.819
charge 1.955 -
Table 3 shows root-mean-
square radius of ®He nucleus. On
the table, tma and charge in
the first column are the same in
Tab.1. In order to show how
much the distributions are com- P, Ry
pressed, one parameter which is A

described letter a is introduced and a=1 corresponds to the result for tma. The value
of parameter smaller than 1 means compressed distributions compared with the case of
tma, while larger than 1 does expanded ones.

Figure 5 shows the density distributions according to the Tab.3, in the same as Tab.1,
the left side for proton and the right side for neutron. The upper one is in linear scale and
the lower in logarithmic scale. As line indications are given in the figure, the parameter
varies from 0.85 to 1.00 for proton distribution, and from 0.90 to 1.20 for neutron one.

Observables of proton-elastic scattering from 8He nucleus are shown in Fig.6. Results
given in the left side are calculated with fixed neutron distribution as tma one and varying
proton distribution, while in the right side with fixed proton distribution as tma one
and varying neutron distribution. Since neutron number of 8He nucleus is two times
larger than proton number, varying neutron distributions provide significantly different
differential cross section. It is seen in the right side that more compressed distribution
provides larger cross section, in reverse more expanded distribution underestimates the
cross section. As for analyzing power varying neutron distributions give almost similar
values in comparison with the differential cross section. On the other hand, varying proton
distributions provide almost similar cross section, while significantly different values of
analyzing power in the large angle region, namely larger than 60 degrees for analyzing
power, and larger than 50 degrees for spin-rotation function. All distributions for ®He fail
in reproducing analyzing power data at 71 MeV in the same as *He and ®He.

In order to find a density distribution for 8He, which reproduce at least differential
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®He at E,=71 MeV

®He at E,=71 MeV

a=0.85
- a=0.90

a=1.00

%, a=0.85

|
N

[
-

(©)

20 20 60 80
angle(deg)

Figure 6. Observables of proton-elastic

|
N

20 40 60 80
angle(deg)

scattering from ®He at 71 MeV.

Table 4. Root-mean-square ra-
dius of proton and neutron distri-

butions for 8He.

Trms (fm) | proton | neutron
pa=0.80/12 | 1.720 | 3.657
pa=0.85/11 | 1.792 3.396
pa=0.90/an | 1.936 3.422
qa=0.80/11 | 1.636 3.321
qa=0.80/an | 1.635 | 3.389

proton which is most close to the
radius deduced from the charge
radius, and reproduces differen-
tial cross section well with spread-
ing neutron distribution.

Figure 9 shows observables
calculated with the model distri-
butions of both ®He core + two
neutrons and “He core + four

cross section well in the similar quality as in
the case of ®He nucleus, model distributions
are considered. In the first column of Tab.4,
pa corresponds to “He core + four neutrons.
The first number indicates compressed core
distribution given by tma, and the second
one expanded the rest of neutrons. Another
ga corresponds to %He core + two neutrons,
and numbers are the same as the previous
case.

Figure 7 shows the model distributions
for 8He nucleus, the upper left corresponds to
the proton distributions of *He core, and the
upper right to those of four neutrons. The
lower sheets show the model of SHe core +
two neutrons. Solid lines are proton distri-
butions and dotted lines are neutron ones.
The left side is given in linear scale, and the
right in logarithmic scale.

Differential cross section and analyzing
power for proton-elastic scattering from *He
at 71 MeV, which are calculated with model

distributions of *He core + four neutrons are
shown in Fig.8. The model distribution of

pa=0.85 has the root-mean-square radius of

Figure 7. Density distributions of proton and
neutron for "He.

neutron

proton

(m™)

He

pa=0.80
pa=0.85 0.1+

pa=1.00

proton
neutron
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neutrons. As compared with model distributions of *He core, the distributions of °He core
also give similar results for differential cross section though the root-mean-square radius
of proton is smaller than the radius determined by charge radius. The contribution of
small proton radius appear in the analyzing power in large angle region.

®He at E,=71 MeV

ga=0.80/ann

pa=0.85/11 A
—- —- pa=0.90/ann
tma

pa=0.80

do/dQ (mb/str)
do/dQ (mb/str)
B
S

pa=0.85
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Figure 8 Differential cross section and analyzing Figure 9 Observables of

power for proton-elastic scattering from ®He at 71 proton-elastic scattering from
MeV, calculated with model distributions of ‘He 8He at 71 MeV, calculated
core + four neutrons. with model distributions of

both He core and *He core.

III Summary and Conclusion

This study presented RIA analyses of proton-elastic scattering from *He at 71, 300, and
500 MeV, and from %®He at 71 MeV, respectively.

As for *He target, two density distributions are found, which provide good agreement
with experimental data of differential cross sections at all energies considered here, how-
ever, different profiles of analyzing power at large angles for large energies: 300 and 500
MeV. The experimental data seems to favor the one of density distributions, which has
the same proton root-mean-square radius as that deduced from the charge radius which is
determined by electron scattering. The situation of differential cross section for °He target
is similar as “He, namely, two different density distributions provide good agreement with
experimental data at 71 MeV ( also at 0.7 GeV ). For analyzing power, however, both
distributions fail in reproducing the data at 71 MeV. One of distributions has the similar
proton root-mean-square radius determined from the charge radius, and if experimental
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data would be taken at energies larger than 300 MeV, it may be shown as well as in the
case of “He that this distribution would be favored by the data. The isotope ®He is rather
different form the other two isotopes. Some model distributions of *He core plus four neu-
trons provide applicable differential cross sections at 71 MeV, however, there is no simple
distribution which provides good agreement with data of differential cross section as in
the same as those of “‘He and ®He. Comparison between analyzing powers calculated with
8He distributions of varying proton and neutron ones shows that contribution of protons
to A, is much larger than that of neutrons. On the other hand, no distribution of ®*He
succeeds to reproduce data of analyzing power at 71 MeV . The result that differential
cross sections are reproduced while analyzing powers are not at 71 MeV may show that
scattering mechanism other than the impulse approximation would contribute toward the
analyzing power. Therefore in order to determine the density distributions, both data of
cross section and analyzing power are needed is the region of several hundred MeV.
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2 Analysis of 0_, with ERT
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Probing Nucleon Correlations Using Direct Reactions
(Part I: Correlation Effects on a Single-Nucleon)
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Abstract

Nucleon correlations cause the spectroscopic strength of single-particle levels to be
reduced relative to the independent-particle-model values. The spectroscopic strengths
can be studied from the measured cross sections by comparison with the reaction theory.
The reduction of the experimentally deduced spectroscopic strengths, relative to the
predictions of shell-model calculations, quantifies the insufficiency of correlation
treatments in the structure theory. Different conclusions on the isospin dependence of
nucleon correlations are reported from the light-nucleus induced knockout and transfer
reaction measurements respectively. Further experimental efforts are essential to verify
the reaction models for reliable extraction of structure information.

(This report discusses only the first part of the talk for the correlation effects on a
single-nucleon. The second part related to the two-nucleon correlations is not covered.)

I. Spectroscopic Strengths

A full understanding of nuclear properties requires complete knowledge of correlations
between the nucleons. Correlations arise from short-range and tensor nucleon-nucleon
(NN) interactions and from long-range couplings to the low-lying and giant resonance
collective excitations [1-3]. These correlations spread the contributions from
single-particle orbits over a large range in excitation energy, resulting in the reduction of
the physical nucleon occupancies of states near the Fermi surface relative to the
independent-particle-model values [1,4]. Absolute measurement of nucleon occupancies
would therefore provide clear information to quantify the correlation effects. The total
occupancy of a single-particle state is not directly observable, but it can be quantified by
the spectroscopic factor (SF). The SF probes the overlap between many-body wave
functions of the initial and final states and measures the degree of single-nucleon
overlap for a state in the specific transition [5,6].
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In direct reactions, such as single-nucleon transfer or knockout reactions, cross
sections are sensitive to the single-particle overlap for the measured transition and thus
can be used to infer spectroscopic factors based on the associated reaction models [5,6].
The correlation effects can be therefore observed through the reduction factor,
Rs=SF(experiment)/SF(theory), defined as the ratio of the SF deduced from experiment
(with the aid of an appropriate reaction model) to the SF calculated from a structure
theory, such as effective interaction theories in large-based shell model (LB-SM) [7].
Substantial deviations from unity indicate the presence of significant correlation
strength missing in the structure theories.

I1. Spectroscopic Strength deduced from Different Reactions.

Constant quenching (30-40%) of the valence proton spectroscopic strengths is
observed in the studies of (e,e’p) reactions for nuclei near a closed shell compared to
IPM values [8]. Such suppression of the SFs clearly indicates the insufficient treatment
of nucleon-nucleon correlations in the current shell models for nuclei near the stability
[1,4,8].

It is imperative to understand how these correlations are modified in nuclei
away from the stability and to what extent the theories have predictive power.
One-nucleon knockout reactions with fast radioactive beams on light targets, usually
°Be and *“C, have been shown to be an outstanding tool for studying the correlation
effects in nuclear wave function for exotic nuclei [9,10]. Such technique extends the
reach of the (e,e’p) knockout process to cover both proton and neutron states, and even
more importantly, to span the isospin dimension by measuring SFs in nuclei near the
driplines [9,10]. A large reduction in measured SFs relative to shell model predictions
(up to 75%) is observed for the strongly-bound nucleon [11] as shown in Fig. 1. The
results indicate strong dependence of the reduction factor
Rs=SF(experiment)/SF(LB-SM) on the asymmetry of the Fermi surfaces in each
nucleus, which is characterized by AS, the difference of the neutron and proton
separation energy (AS = S, — S, for neutron SF and AS =S, — S, for proton SF). Such
established systematics suggests that deeply bound nucleons experience additional
correlations which are not taken into account in effective interaction theories [11].

Until now, such large reductions in SF of the strongly bound nucleon have not
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been quantitatively explained. Modern self-consistent Green’s function methods predict
a significantly smaller increase of nucleon correlation effects for deeply bound states
[12]. Recent dispersive optical model (DOM) analyses of elastic scattering and
bound-level data for “**® Ca isotopes suggests that the correlation effects on the
deeply-bound valence proton is only ~10% stronger [13,14].

The discrepancy in the strength of correlations between the theory and
experiment for deeply-bound nucleons has been recently investigated using one-neutron
transfer reactions on argon isotopes with a large span of asymmetry [15,16]. The results
suggest a weak dependence of correlations on neutron-proton asymmetry. This
conclusion is consistent with the results from systematic studies of transfer reactions
[17-20] and is supported by the DOM studies of neutron spectroscopic strength [14], but
it clearly contradicts to the strong trends observed in knockout reaction measurements
[11] as shown in Fig 1.

The origin of such a discrepancy between the spectroscopic factors extracted
from transfer and knockout reactions is not clear. Such an intriguing puzzle must be
solved in order to achieve a unified description of the nature of correlations and the
underlying physics in nuclei with extreme isospin asymmetry. The incompatibility of
different reaction techniques tends to suggest that our understanding of the underlying
reaction mechanism is incomplete. Further theoretical studies or new reaction models
validated by an appropriate set of experimental data would be the next essential steps.
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Figure 1: Reduction factors Rs=SF(expt)/SF(LB-SM) as a function of the difference
between neutron and proton separation energies, AS. The solid circles represent Rs
deduced in JLM +HF approach using the present transfer reaction data [15]. The open
triangles denote the Rs from knockout reactions [11]. The dashed line is the best fit of
Rs of 3234 Ar from knockout reactions. The use of different AS values from the transfer
reactions [15] and knockout reactions [11] is explained in Ref. [18].

For knockout reactions of deeply-bound nucleons on composite targets, such as
%Be or '2C, strong disagreement is found between the measured cross sections and the
predictions based on shell-model calculations and single-particle cross section reaction
models. Being rooted in the eikonal and the sudden approximations, the nucleon
knockout model is formulated for reactions at energy of about 80 A MeV or higher
[9,10]. At such high energy, the nucleon-removal mechanism is expected to be surface
dominant, which allows the survival of the core nucleus (heavy residue) and eliminates
the need to specify the motion of fast nucleons in the nuclear interior [9,10]. This simple
picture of a reaction mechanism with a nucleon being removed from a frozen nucleus,
however, has long been questioned.

Recently, new calculations of these one-nucleon removal cross sections have
been performed based on an intranuclear cascade model (INC) with Pauli blocking
taken into account [21]. The formalism describes three reaction mechanisms including
direct knockout, multiple scattering and nucleon evaporation, while the latter two are
beyond the eikonal reaction descriptions. This formalism is applied to a set of very
asymmetric nuclei with AS ~20 MeV and no bound excited states. The predictions are
in reasonable agreement with experimental cross sections. In particular, the cross
sections for deeply bound nucleon removal are fairly well-reproduced [21]. This work
might suggest that the significant overestimation of cross sections by eikonal model is
attributed to the neglect of indirect processes as well as core excitation above the
binding threshold [21].
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Figure 2: Reduction factors Rs=SF(expt)/SF(LB-SM) as a function of the difference
between neutron and proton separation energies, AS. The triangles denote the Rs
deduced from knockout reaction data based on eikonal theories [11]. The red triangles
are Rs deduced from data in Ref. [22] and Ref [23]. The red star represents the Rs
deduced from the one-neutron removal of **O based on INC model [21].

I11. Proposed Experiments

The goals of the proposed experiments are to obtain a set of appropriate data
for establishing correct modeling for direct reactions at very asymmetric nuclei and
consequently clarify the isospin dependence of nucleon correlations. We therefore
proposed experiments with transfer and knockout reactions. For the proposed knockout
reaction measurement, the data would serve as the timely benchmark to establish
proton-induced knockout reaction framework for reliable extraction of structure
information. The proposed measurements of light-nucleus-induced & proton-induced
knockout reactions on the same nucleus may therefore result in new direction of
knockout reaction experiments for correlation studies.

A. Transfer Reactions (approved at NSCL/MSU):

We propose to extract neutron spectroscopic factors of proton-rich **Ar and neutron-rich
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“®Ar isotopes via (p,d) neutron transfer reaction in inverse kinematics at E =70 A MeV.
The neutron ground-state spectroscopic factor of **Ar obtained in a recent NSCL
transfer reaction of p(**Ar,d) **Ar at E=33 MeV/A [15] is approximately a factor of two
larger than that obtained in knockout reaction at E=70 A MeV while the neutron
ground-state spectroscopic factors of “°Ar are similar as shown in Fig. 1. The
spectroscopic factors of strongly bound particles obtained from these two probes
suggest a different asymmetry dependence of neutron correlations towards the drip lines.
The results raise the questions about the reaction theories used to extract spectroscopic
factors with these two experimental probes. This proposed measurement extends the
(p,d) transfer reaction to extract the spectroscopic factors to E=70 A MeV, a region very
few reliable measurements exist. The experimental results would greatly assist in
understanding the theoretical descriptions of reaction mechanism in transfer and
knockout reactions.

B. *C-induced Knockout Reactions (Proposals to RIKEN and GANIL submitted):

The first study based on the INC approach has shed some light on the origin of the
disagreement between eikonal calculations and data for the deeply bound nucleon
removal. To draw any firm conclusion, it is essential to examine the reaction mechanism
and thoroughly verify the reliability and applications of both INC and eikonal models.
Measurements with appropriate nuclear systems dedicated to these purposes are the
crucial steps and are the goals of these proposals.

The first, and usually most direct step, is to test the energy dependence of the
reaction mechanism and modeling. Existing published data of one-nucleon knockout
reactions are obtained at energies below 100 A MeV. It is always a concern that the
beam energies may not be high enough for approximations employed in the eikonal
theories to be valid. Measurements at about 300 A MeV, including the deeply bound
nucleon removal, are missing and therefore desired to be performed for studying the
energy dependence of reaction mechanisms.

The next step is to confirm the effect of core excitation. In the very asymmetric
nucleus, the excitation energy gained from knocking out a deeply-bound nucleon may
result in evaporation of a weakly-bound nucleon due to the low separation energy.
Measuring the cross sections in this corresponding evaporation channel would quantify
the role of a core-excitation mechanism and may explain the overestimation from the
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eikonal calculations which employ inert-core approximation.

0 and *Ca are appropriate nuclei for these studies. With proton numbers of
Z=8 and 20, the structure of these spherical p-shell and sd-shell nuclei is relatively well
understood, offering a reliable structure foundation to examine different reaction models.
One-proton and one-neutron knockout reactions of **O and **Ca have been performed at
low energies of 57 A MeV [22] and 70 A MeV [23] respectively. The deduced reduction
factors using eikonal theory follow the established knockout systematics as indicated by
red triangles in Fig 2. Knockout measurements at higher energies on the same nuclei are
essential for studying the energy dependence of reaction mechanisms.

In addition, the one-nucleon removal from these very asymmetric nuclei
(AS=|Sn-Sp| >16) results in reaction residues with no bound excited states as indicated
in the gamma-ray spectra from the previous measurements [22,23], giving appropriate
nuclear systems to verify the formalism of the INC model which has not been extended
to nuclei with bound excited states.

The reduction factor deduced from INC model for neutron-removal of O [21]
is plotted as solid star in Fig 2, and is significantly different from the eikonal predictions.
Furthermore, the proton- and neutron-transfer measurements of **O(d,*He) and **O(dt)
have been performed at GANIL [24]. Data, which are in analysis, will provide a direct
comparison to the knockout reactions (both carbon-induced and proton-induced
removal) studied on the same nucleus.

Moreover, INC calculations on the cross sections of **O + °Be reaction at 300 A
MeV are 36 mb (1p knockout to **N), 18 mb (1n knockout to **0), 32 mb (1n knockout
followed by 1p evaporation to **N) and 52 mb (1n knockout followed by 2p evaporation
to *C) [25]. It is clear that the cross sections of all these channels are predicted to be of
the same order of magnitude, suggesting that any feeding form one channel to another is
experimentally sizeable. The results reflect a significant contribution from core
excitations within this formalism. Measurements of all the relevant channels at about
300 A MeV could therefore provide important constraints to reaction models with the
consideration of core-excitation effects. It is fair to mention that the present INC
calculation reproduces well the experimental cross section of one-proton knockout of
%Ca, but overestimates the one-neutron channel with a result close to the eikonal
prediction. Further studies are being done [25].
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We therefore proposed one-proton and one-neutron knockout reaction measurements on
12C target: **C(™0, BN), *2c(*0, *0), *C(**Ca,*Ca) and *C(*Ca,**K) as well as
the corresponding evaporating channels **C(*0, ¥?N), **C(**0, *C)and *C(**Ca, *Ar)
at about 250 A MeV at RIKEN. In addition, the same reaction 4 channels for **O have
also been proposal to GANIL, but at lower energy of 65 A MeV. In previous
measurement at 57 MeV/A at MSU [26], only the cross section populating to the ground
state of one-nucleon knocked-out residues was measured.

C. p-induced Knockout Reactions (Proposals to RIKEN and GANIL submitted):

Instead of °Be or '2C, using hydrogen target (structureless probe) for
one-nucleon removal leads to a simpler reaction mechanism which can be more
accurately described by the three-body breakup reaction dynamics. Such an
experimental technique, equivalent to inverse kinematics of quasi-free proton-induced
removal (p,pN), is sensitive to a larger part of nuclear wave function than that of
light-nucleus induced knockout reactions [27].

We therefore proposed *H( *0O, N), *H( **0, 0), H( *Ca,*Ca), *H( *Ca*K),
'H(*0, N), *H(*0, "C)and 'H( *Ca, *Ar) at 250 A MeV at RIKEN and the same
reactions channels for O at 65 A MeV at GANIL. The latter one is fully-exclusive
measurements with the knocked-out protons and neutrons detected.

To determine the dynamics and quantify the indirect mechanism, these proton-induced
knockout reactions will be analyzed by DWIA framework [28] and CDCC approach as
well as the recent state-of-the-art few-body multiple scattering AGS/Faddeev reaction
approach [29].

In addition, the comparison of the underlying physics (spectroscopic strengths)
manifested by these two different reaction mechanisms, carbon-induced and
proton-induced removal, is essential to deepen the understanding of the reaction
mechanisms and associated theories. A comparison between these two reaction
mechanisms is crucial in the development of direct reaction models, but has not been
done before.
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Determination of B(p,v)’C Reactionrate from °C Breakup
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Abstract
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1 Introduction
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Sis [eV-D] method
Wiescher et al.[1] 210 shell model
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Trache et al.[4] 46 £ 6 ANC
Motobayashi[5] 77+15  Coulomb dissociation
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Fig. 1: 300000

2 Formulation

2.1 Continuum-Discretized Coupled-Channels method (CDCC)
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2.2 Channel spin decomposition
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Microscopic reaction theory on reactions of unstable nuclei

M. Yahiro*
Department of Physics, Kyushu University, Fukuoka 812-8581, Japan

Two topics are reported. One is the improvement of the Glauber model and another is the
extension of CDCC. In the first topic, the Glauber theory for nucleus-nucleus scattering at
high incident energies is reformulated so as to become applicable to scattering at intermediate
energies where nuclear medium effects are significant. In the second topic, CDCC for treating

the elastic breakup reaction is extended to inclusive reactions.

I. INTRODUCTION

This report consists of two subjects: the improvement of the Glauber model and the extension
of CDCC. The first topic is based on Ref. [1], while the second one is on Ref. [2]. This report is

focused on the explanation of the new theories, so see Refs. [1, 2] for the results.

II. IMPROVEMENT OF GLAUBER MODEL

Experiments with radioactive beams of unstable nuclei have opened a new frontier of nuclear
physics. New features of unstable nuclei such as halo structure have been revealed; for example,
see [3]. The Glauber theory [4] has widely been used as a powerful tool of studies of reactions with
unstable nuclei observed at intermediate energies such as 50 ~ 800 MeV /nucleon [5, 6]. It was
reported, however, that in actual applications of the theory, some modifications, in particular of
the nucleon-nucleon (NN) interaction potential, was necessary in order to reproduce the data at
energies less than 500 MeV /nucleon [7, 8]. Such phenomenological modifications obviously requires
theoretical foundations.

The Glauber theory describes scattering of two nuclei P and A as collisions of all pairs of
nucleons 7 in P and j in A interacting with each other via potential v;;. Based on the adiabatic
approximation of the internal motion of P and A and the eikonal approximation, the theory gives

the scattering amplitude at high energies and small scattering angles by

foa =5 [ dbe™ " (B5[Tq)|Pa), (1)

*Electronic address:yahiro@phys.kyushu-u.ac.jp
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where I'gr = 1 —J[; ;(1 —T'nn(bij)) and ik (hq) is the initial (transferred) momentum, ®, (®g) is
the antisymmetrized internal wave function of the initial (final) channel, and I'yy is the NN profile

function given by
i oo
I'nn(bi) =1 — eXP[ ~ s /_OO dzij vij(rij)| - (2)
where v, is the relative velocity and r;; = (bz-j, zij) is the displacement of j from ¢ with z;; its
component parallel to k and b;; the one perpendicular to it. The condition of the validity of (2) is
that

vij/ Byl <1, ka>1, 3)

where E;; and k;; are the kinetic energy and wave number, respectively, of relative motion of i
and j, and a is the width of the region(s) in which v;; changes rapidly. Since, however, the NN
potential v;; has a strong short-ranged repulsive core, for example v;; ~ 2000 MeV at r;; = 0 in
the case of the realistic NN potential AV18 [10], it is obvious that the first condition of (3) is not
satisfied. To avoid this problem, it was proposed in [9] to use the empirical NN profile function
that reproduces the data on NN scattering. However, this prescription does not solve the problem,
since the relation (2) between I'yy and v has already been used in the derivation of (1). Hence,
(1) is still inaccurate.

In order to examine the validity of the eikonal approximation that leads to (2), we calculated
the NN scattering at the laboratory energy Enn = 300 MeV with the eikonal approximation and
compared the result with the exact one. The eikonal amplitude deviates much from the exact one,
even at small g, for both the real and the imaginary parts. This clearly shows that not only the
use of (2) is not justified, but also the entire procedure of the Glauber theory sketched above is
questionable.

A systematic way of making noneikonal corrections was proposed in [11] for the high energy
potential scattering. In the method, the T-matrix is expanded into a series of 6 = |vg|/(khvy), where
vg 18 a typical potential strength. However, the method has not been applied to the intermediate
energy NN scattering because d > 1 in that case.

As for the nucleon-nucleus scattering mainly at high incident energies, some methods for treating
noneikonal effects were proposed [12, 13], but these require much more difficult and /or complicated
calculations than the Glauber approximation. For example, Wong and Young introduced the pseu-
dopotential v} ; that reproduces the empirical NN scattering amplitude in the eikonal approximation

and estimated corrections to the Glauber amplitude in which vgj is used instead of v;; [12]. How-
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ever, it is not easy to evaluate corrections induced by the difference v;; — vl’-j, since |vl’-j| < |vij

/

and, therefore, v;; — v}, is much larger than F

ij

As already mentioned, the Glauber theory had to be modified to reproduce the PA scattering
data at intermediate energies; for example, see [8]. For that purpose, it was proposed [7] that
fnn (K, k) is modified from the empirical NN scattering amplitude in free space to that calculated
with the Brueckner g-matrix. It is obvious that theoretical foundations of such phenomenological
procedure need be examined.

We then propose a practical and accurate method for treating the intermediate energy PA
scattering. For this purpose, we use the effective NN interaction 7 that describes the NN collisions
in the process of PA scattering in place of the bare potential v;;. We introduce such effective NN
interaction to the Glauber theory on the basis of the multiple scattering theory (MST) of Watson
[14] using the formalism of Kerman, McManus, and Thaler (KMT) [15]. It turns out that the 7
satisfies the condition (3) better than v;; and can even take account of the modification of the NN
interaction in the nuclear medium that has long been thought to be necessary for reactions at the
lower energies [7].

As for the high energy nucleon-nucleus scattering in which the Glauber approximation is good
and, therefore, (2) is accurate, the relationship between the Glauber theory and MST were inves-
tigated in detail [13, 16]. They are, however, mostly concerned with the cancellation in Watson
expansion between reflection terms and the off-pole contribution of non-reflective ones [16]. This
is not what is addressed here.

The original KMT formalism [15] is for nucleon-nucleus scattering. We first extend it to the
case of nucleus-nucleus scattering between P and A. The transition matrix of the scattering is given
by T'= V(14 GoT) with

_ P
 FE—K—hp—hp +ie’

Go (4)

where F is the energy of the total system, K is the kinetic energy of relative motion between P
and A, and hp (hya) is the internal Hamiltonian of P (A). The operator P is defined as P = PpPh,
where Pp (Pa) is the projection operator onto the space of antisymmetrized wave functions of P
(A).

The transition matrix 7' is given by

T= Y Ty, (5)

1€P,jeA
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where the T;; satisfy a set of coupled equations

T;; :Tij+7'ijG0{ Z Tmn_Tij} ; (6)
meP,neA
where
Tij = vij (1 + GoTij) (7)

is the operator that describes the scattering of the nucleons i in P and j in A. The potential v;;,
in general, contains operators acting on the spins and isospins of ¢ and j which we suppress for the
simplicity of notations

Because of the antisymmetry of the nuclear wave functions, which is maintained by P, the
matrix elements of the operators Tj; and 7;; are independent of the labels ¢ and j, so that Eq. (6)

can be written into
=174+ —1)7Gob , (8)

where Y = Np x Ny with Np (Na) the nucleon number of P (A). Multiplying (8) by ¥ — 1, one

obtains
T'=U(1+GoT"), (9)

where 7" = (Y — 1) and U = (Y — 1)7. Then, T is obtained from 7" as

Y

Equations (9) and (10) constitute the results of the extended KMT. The antisymmetrization
between the incident nucleons in P and target nucleons in A has been neglected so far. It was
shown [17, 18], however, that it can be taken care of by using 7 which is properly symmetrical with
respect to the exchange of the colliding nucleons.

We now proceed to derive T using the Glauber approximation. We define the wave operator

Q&Jr) by 7' =U ng) and the wave function by \i/((;r) = Q&ﬂ@a. Then, one can get from (9)
(K +hp +ha+U - E)¥H =0, (11)

The matrix elements of 7" for transition a — (3 is then given by T}, = <<I>g]U\\il&+)>.
Equation (11) has the same form as the original Schrédinger equation for the wave function of
the total system except that V is replaced by U. Glauber approximation can, therefore, be applied

to Eq. (11) if the same conditions are satisfied, i.e. the adiabatic approximation to the internal
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motion of P and A to approximate hp and ha by their ground state energies, and the conditions

for the eikonal approximation
(N-Dr/Bl <1, ka1, (12)

where a is the range of the region in which 7 changes rapidly. Since 7;; has much milder dependence
on 7;; than v;j, it satisfies the conditions (12) better than v;; of the original Glauber theory.

In the Glauber approximation, T [’3 ., 18 given by
Tha =C / db b (@4|Ty (b)|Ba) | (13)

where C' = —ih%k/((27)3 o) With g, the reduced mass in the initial channel «, and the profile

function of PA scattering is given by

I'y(b) =1 — explixu(b)], (14)

- —/ dz Uz (15)

where the components of r; and r; are suppressed in I'y, xy and U. Since each of the wave
functions of P and A is totally anti-symmetric, one can write U = (Y — 1)7;; by
Y -1
U= —~ Z Tij (16)
i€P, jeA

and the phase shift function xy(b) by

eff
wl) = 5= 3w, "
i€P, jeA
where
eff 1 =
XN (big) = o | dEi (2, bij) (9

is the phase shift function of NN scattering by effective interaction 7. The T matrix element is

then given by

Too = oC / db =178 (D 0y ()] @), (19)

—1—HH P (b)), (20)
i=1j=1

TG (by) = 1 — expl oLl (o). (21)

The scattering amplitude fg, and the cross section o, are given by

(27) g doge 2
fba = - Iba and ::‘fba|
2 2

(22)
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respectively. Equations (19) - (21) with (18) are a principal result of this paper where the Glauber
theory is reformulated with the effective interaction 7.

Most PA collisions satisfy Y > 1. The factors (Y —1)/Y and Y/(Y — 1) in T have appreciable
effects only for collisions between very light nuclei. Otherwise, the resulting scattering amplitude
has a form of the original Glauber theory except that the bare NN interaction v is replaced by 7.

The effective interaction potential 7 has been the key to various theories of direct reactions
at intermediate energies based on MST. Since 7 is a many-body operator, depending on all the
internal coordinates of P and A, various approximations have been developed for it. In all those
works, 7 is approximated by a two-body operator acting only on the colliding two nucleons.

The simplest one among them is that 7 is approximated by ¢, the 7" matrix of NN scattering in
free space [15, 19]. The condition of validity (3) of the Glauber theory is much better satisfied by
t than v, since t has much milder r-dependence than v. Hence, (21) is much more accurate than
(2). The profile function of the PA scattering is

I'y=1- H exp(—iti;/ha) (23)
1,J
in the limit of Y > 1, where fij stands for the integration of ¢ over z;;. In the Glauber theory, the

correponding profile function is

T =1- ] -t /hva) (24)
i?j
where t%l = —thv,I'ny. The t matrix f%l is fitted to reproduce the data on NN scattering [9]. This

essentially corresponds to replacing fg’-l by fij. After the replacement, both I'q) and 'y agree with
each other in the lowest (first) order of ¢/hv,, but different in the higher orders. The deviation
comes from the fact that (2) is inaccurate. In the impulse approximation in which the higher orders
are neglected, the present theory thus gives the same 7" matrix of PA scattering as the Glauber
theory, when Y > 1. In general, the higher order terms are negligible at high incident energies,
but not at intermediate energies.

In the approximation mentioned above, the nuclear medium effect included in 7 is neglected.
For NA scattering, however, the effect is not negligible at incident energies smaller than 300 MeV
[21]. The nuclear medium effect is estimated in the nuclear matter and translated to that in finite
nuclei with the local density approximation [19]. The Brueckner g matrix has often been used
as such 7 in DWIA analyses and folding model calculations of the optical potential [22-28]. One
can see the r dependence of the g matrix, explicitly in, for example, that of [23] since it has no

noncentral force. The JLM g matrix [23] has much milder r dependence than the bare NN force
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potential v for both cases of zero and finite densities, as expected. Thus, the condition of validity
(3) of the Glauber theory is much better satisfied by this g than v even in the case of zero density.
It is reasonable to assume that the same is true in other g matrices, although they have noncentral
and exchange terms and one can not see the r dependence of individual terms separately.

We numerically tested the accuracy of eikonal approximation for NN scattering with the JLM
g matrix as interaction potential. Figure 1 shows the NN scattering amplitude at the energy that
corresponds to a PA collision at the energy 300 MeV per nucleon in laboratory frame. Here, we
take zero density in the JLM g matrix, that is, we consider the ¢ matrix. The agreement between
the result calculated by the eikonal approximation and the exact one is seen to be excellent. The

agreement is also good for the case of finite density.

0.45
0.4
035

—— Exact (real)

——————— Exact (imaginary)
— — Eikonal (real)
—-— Eikonal (imaginary)

o
(5]
T

025 |-
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015

Scattering amplitude

e
—
T

0.05

FIG. 1: The on-shell scattering amplitude fyn(g) at Exn = 300 MeV. The JLM g matrix [23] is used. The
solid (dashed) and dotted (dash-dotted) lines show, respectively, the real and imaginary parts of fxn(gq) of

the exact (eikonal) calculation.

In summary, we present in this paper a new version of the Glauber theory for nucleus-nucleus
collisions. The input of the theory is the effective NN interaction that has a milder short-range
repulsion than the bare NN nuclear force potential, which makes the eikonal approximation much
more reliable. The effective NN interaction also includes the nuclear medium effects on the NN
interaction. It is, therefore, applicable to reactions at intermediate energies. At high energies at
which the impulse approximation is valid for the effective interaction, the present theory gives
the same T matrix of PA scattering as the Glauber theory in which the NN profile function is

ajusted so as to reproduce the data on NN scattering. At intermediate energies, the present
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theory with g matrix as the effective interaction potential allows for the nuclear medium effects
on NN interaction, and provides a theoretical foundation to the heuristic Glauber calculations [7]
with phenomenological adjustment of the profile function to include it. For the calculation of the
optical potential, the present formalism reduces in the optical limit to the folding model with g

which has been successful in reproducing nucleon-nucleus scattering data [27, 28].

IIT. EXTENSION OF CDCC

The theoretical tools of analyzing these reactions are the Glauber model [4] and the method of
continuum discretized coupled channels (CDCC) [29-31]. However, the Glauber model is based on
the eikonal and the adiabatic approximation. Particularly, the adiabatic approximation makes the
cross sections of these reactions diverge because of the presence of the Coulomb interaction [31, 32].
The Glauber model has then been applied only for lighter targets in which the Coulomb interaction
is not essential [33, 34, 36]. CDCC is an accurate method of treating exclusive reactions such as
the elastic scattering and the elastic breakup reaction in which the residual nucleus is identified.
CDCC is not applicable for inclusive reactions such as the one-neutron removal reaction.

We then construct a method of treating the one-neutron removal reaction accurately even in
the presence of the Coulomb interaction. This new method is an essential extension of the Glauber
model and CDCC, and it will change the future strategy of exploring halo nuclei and resolving the
nature of “Island of inversion”.

We consider the one-neutron halo nucleus as a projectile (P) and take a single-particle model
for the nucleus; namely, the projectile consists of the core (c) and the neutron (n). The scattering

of P on a target (T) is then described by the three-body (c+n+T) Schrédinger equation
h2
[—EV%é +U(re,mm) — EJ¥ =0 (25)
with the interaction
U = UM () + UM (re) + UL (re), (26)

and the reduced mass u between P and T. The operator h = T,.+V () is the projectile Hamiltonian
composed of the kinetic-energy operator T, and the interaction V. The three-dimensional vector
R = (b, Z) stands for the coordinate between P and T, while 7 is the coordinate between ¢ and n.
The vector 7y = (b, 2x) for x=c, n is the coordinate between x and T. The potential U)gN) is the

7(©

nuclear part of the optical potential between x and T, while Ug ™’ is the Coulomb part of the optical
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potential between ¢ and T. Here, we solve the three-body problem In the eikonal approximation,

the three-body wave function ¥ is assumed to be

~

U =0Oy(R,r), (27)
where the operator O is defined by
0= L gkz (28)
ho

with the wave-number operator K = /2u(E — h)/h and the velocity operator & = hK /i of the
relative motion between P and T. When (27) is inserted into (25), we have the terms V% and
V%OA. The former is much smaller than the latter, since v is slowly varing with R compared with
O at higher incident enegies of our interest. Neglecting the former leads to

Ay as A
— = O'UO. 29
i v (29)

Regarding Z as “time” virtually and solving (29) iteratively, we obtain the formal solution
Z A A
% = exp [—m / 47'0tUo], (30)
—00

where P is the “time” ordering operator. Taking Z to co in (30), we finally get the S-matrix

operator
S = exp [— iP/ dZOTUO}. (31)

In the Glauber model, the adiabatic approximation is made as the secondary approximation. In the
approximation, h is replaced by the ground-state energy €y, and hence O'UO and P are reduced
to U/(hvo) and 1, respectively, in (31), where vy is the velocity of P in the ground state relative to
T. This is nothing but the S-matrix in the Glauber model.

At higher incident energies such as the RIBF beam energy, the adiabatic approximatin is good
for the nuclear interactions, UéN) and UC(N) , but not for the Coulomb interaction UC(C). This can
be understood by taking the matrix element

) o ci(Ko—K)Ry  poo
| ztor10'00ien ~ = [T azioglvion (32)
) )
between the ground state ¢g of P with the intrincic energy €y and the contimuum state ¢p, of P
with the intrinsic momentum and energy, hk and €(k), where hKy (hK) are the momentum of P
in the ground (continuum) state relative to T, and Ry is the range of the interaction considered.

For the nuclear interactions, Ry is finite and hence A = (Ko — K)Ry < 1 at incident energies



Soryushiron Kenkyu

much higher than the breakup energy €(k). For the Coulomb interaction, meanwhile, the matrix
elements (32) diverges in the adiabatic limit of K = K [32], because of Ry = oo.

Therefore, we can take the replacement
OTuUNO — UM/ (hwy). (33)

The accuracy of (33) is confirmed in Ref. [2]. This replacement leads to the important result

S = 8,5, (34)

with
Sa = exp [—i /_ b dZUIEN)], (35)
Se = exp [—m / ~ azoN U 4+ U], (36)

Thus, S can be separated into the neutron part S, and the core part S.. We can not calculate S,
directly, because it includes the operators O and P. Since S, is the solution of the Schrodinger
equation (25) with U replaced by U + U9, we can get the matrix elements (¢g|Sc|do) and
(@|Sc|do) by solving the equation with CDCC.

The reaction theory constructed above is called the eikonal reaction theory (ERT). We can
derive several kinds of cross sections with the product form (34), following the formulation on the
cross sections in the Glauber model [33]. The one-neutron removal cross section o_,, is the sum of
the total elastic breakup (diffractive) cross section oy,, and the total neutron-stripping cross section

Osty in which n is absorbed by T:
O_pn = Obyu + Ostr (37)
with
7ar = [ blanllSc(1 - [, P)l6)
= [ @olanli - 1.8, - (1~ IS:Plen)

= [or — Obu] — [or(—n) — opu(—n)], (38)

where o and oy, are the total reaction and elastic-breakup cross sections, respectively, defined by
o = [ @bl1— [(G0]ScSulon) (39)

7o = [ bl(cnllScSuP1on)  {6n]SS. o) ), (40)
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and or(—n) and op,(—n) correspond to the total reaction and elastic-breakup cross sections in

which S.S, is replaced by S.. The last form of (38) means that o_, can be obtained from og,

Obu, oR(—n) and op,(—n) calculated by CDCC; note that og(—n) and oy, (—n) are obtained by

solving the Schrodinger equation (25) with U replaced by UéN) + U(SC).
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X (12) & (13) ZHwvT, K (11) OBFELIRE V) 3RO Lk HIchiohn s,
KO = o] ICRIVU O g (00) (9

R (14) TEEN % CSLS EIERC & LT 5,

X (14) OBELIRIEIZ =D DD 5> T\ %, 5 1 HIZM AR O 2 5P & LT
DOHEHAREZFIR L TR D, B HI R TORREBHAMEHOMRZEALTHS, ZD X
IBRRAEZHCE LTy —u U BRKIBICEBWTZNENDOFHLGN EOREEED % i
imd Bl ENTED, HIHDFGHRE GG, 1R e KTl I T
50 EFBRIC [6,7], HEERBORIE D HE & DIGE 2L T7 —a v @ )Es o E
Rl EHE 2L H 5, —F, HB2HOMEDBKE LEAEICIE, 7 —u v afRKIBIc
B TIIHREBHAMEHPEZETH ), FEEREBOME HREBHAENIC X > THA %
(ZoTLEIEEALNS,

CSLS #H\»C ®He @ 7 —u ¥ R GHIHRL & o R OALHBES A2 HET 5,
Z 2 Tl3 E1 #E®EIE & Equivalent photon method [17] Z W Tz 5H 2, X
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(14) ® ¥ (k, K) Z iU, E1BBREIXDO LI ICEZo0 5,

d°B(E1 1 - R )
dkElK) = 5771 |0 K)O(B)][ ) (15)
gs

22T, By & Jys 1EZNZN OHe OHIRED WIS & 2D LA E Y TH Y, O(E1)
X E1 BBOHEFTH %,
RIZ E1 BEED 2 RILL ANV X =32 XKD K ) ICELRT 5,

dSB(E1) R2k2 h2 K2
dkdK———"2§ §(eq— 16
daldeQ / / dkdK ( 2% ) <€2 oM ) (16)
I Te E*He + n®nnD2EHEDIMEAFRDIF N —, e F2HRDEFTREDL I —

OO FOMDOHENZ A VF—TH B, 7o, p & MIFZNZk &£ KITHIGT 54
HEETHZ, ARICLTREIRILX—IINT 2 0MIEIRD LI ICEZ 65,

dB El B(E1) 2k 2K
//dde b 5<E— - 2M) (17)

3 (16). (17) & Equivalent photon method Z M \>T, 7 —u v 43 KIGKIHIRE 255 &
T3, WD 2 X0 2V X =016 &£ &L 2L X — a2 Moy Wimif iz 2 2 ko
oG ens,

d*c 1673 d*B(E1)

= Ngi1(E 18
deqdesy 9%c w1(Ey) deqdes (18)
do 1673 dB(E1)
—_— = Ng(E 1
aE ~ one V(B R (19)

22T N (B,) BHFOT A — B, 1T 38T TH ) . HFOx L F—
1% SHe @ 2 Wi 7oyl 2L ¥ — % Sy, & T ¢ E =g1+eg+ Sy, =FE+ Sy, TH
AoNB, Ef. ALEEMEZR (18) X1,

do d*c
— [ d 20
d81 / = d€1 d€2 ( )

ThZons,

3 #&R

9. OHe @élz‘wvﬂ? ﬂfmﬁ 0 v BB 2 9, & TR IR
X (19) THE L, FEBRICB T 2 0MHEIC O W THEE L 72, X 2 ICHHE T4 & 1L Wi
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200

Full

W/0 FS| = ===

150

100

do/dE [mb/MeV]

50 ¢

0 1 2 3 4 5 6
Energy [MeV]

2 “He + n + n B S Ml > 72 7 — v v SR OGWIHR, LRIz ZNnFn
PR AN Z GO 758 LB RV AEOFIEBRZELL T 5, FEEHE [8] 1374
RN EDOR TR %,

fix FEME [8] & & b L, K2 DR 6, o WimiEiE ‘He + n + n OB
i 5 1 MeV F2ED & ZAHICE—7 285, FIC 2 MeV DL N ORI )L ¥ —5HIH Tl
FEEiz L CHBELTWE 28805,

RICEBTHMNEI N E=7 B He DED L) BiEEICKZ b D EFHRSL, 22T
FRHCHAREBAE AR ORI O WTEH L, #IREBHAEFEHOA I X > TS &
DEIHICELT 20%2HEICT S, 2.3 HiTHlRZEY, CSLS TIXEFELREIZ > D
Hr o ->TE D, X (14) HL0HE 1 FIZFHEZ AR L, 5 2 HOHAEHOMR T
Hob, X (14) OF 1 HLZ T ZHRE L LT o 72550 OR R % X 2 (B
TR L7, BoNiiRer o, BREHAMEHI W& TIRIEFRTHNS N TV E—
IREGERFBL 2V ERSD 5, DI L *Hen & n-n DFIREHAAEH A SHe D
7 —na v REOGHIHRE 2 T 2 ECEETH D, FISREOREE IR A O
BPICE > TRZABWTHAI) T EZREL TV,

RBICHe D7 — 0 U RIKIBIZBE VT ED & ) BIAIREMHEEHREETH 30 %
FXB 7oz, K (20) 2T ROALHRIIMZEET 5, K3 ICFHEINLA
BERIA 2R LTz, EXIE *He-n. AXIZ n-n DT RICOVWTOFERTH Y, 207
NFEBRAE [8] &ML 72, B o kiR L, *Hen, n-n & bICHEBRTEIN S Lz %
KL T2 L0395, *Hen ICBL TE, AEEEDMD "He(3/27) DAL
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w 8

Cal.

Cal.
Exp. —&—

do/dE,,_,, [arb. units]
N

do/dE,,_, [arb. units]
N

0 o5 1 15 2 25 3 0 05 1 15 2 25 3
®He(3/2) E,., [MeV] E.n [MeV]

X3 SHe ®7 —uv v GTOAREE RS, AXIE *He-n, AR n-n D5

ZDORMTH B, MR E O ML ERE (8] 2. ERIFORANL *He(3/27) DIt

IFNLX—%RLTWV3S,

RZFNAVF—LFERAL T2V CTE -7 2822 L5956, SHe(3/27) DILIRIR
REVNEETHL LD D, £, n-n IZBL T3, ALEEDHMD 0 MeV (T ICE
HLTWwB 2 ey, ZHd n-n @ s WORBIREDOR RS RZATHu2bDEEZS
Nns,

4 FEoH

ABFFETIE CSLS % Mv>T SHe @ 7 — v v 3R OSWi R %2 o7 L 72, T4 it
il RS TR T S Wi & AR E R 2 & D ICHBIL 72, 7 —a Y orE RS
D6, Bl SN/ — 7 G2 BT 5 7 O I I3HIRBEMH A E R DS E S 2 1%
#HzRled eRI N, £, AEEBIMOHNH S IFHKREBHEEMNOHRTY
"He(3/27) OHLIGRAE & n-n OIRAIREBONENH 515 2 LaVRBRI LT,
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