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The fourth symposium on Simulation of Hadronic Many-Body System, organized by the Research
Group for Hadron Transport Theory, Advanced Science Research Center, was held at Tokai Re-
search Establishment of JAERI on January 23 and 24, 1997. The theme of the symposium was the
simulation study of light- and heavy-ion induced nuclear reactions but the reports on heavy-ion
nuclear reaction experiments, large-scale variational study of nuclear structure, the simulation
study of liquid flow and a theory of microcluster collision were also included as important related
topics. Twenty-two papers on current topics presented at the symposium aroused lively discus-
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1. Quantum Fluctuation Effects
on Nuclear Fragment and Atomic Cluster Formation

Akira Ohnishi @ and Jergen Randrup °

a. Department of Physics, Hokkaido University, Sapporo 060, Japan

b. Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA

We investigate the nuclear fragmentation and atomic cluster formation by means of the
recently proposed quantal Langevin treatment. [t is shown that the effect of the quantal
fluctuation is in the opposite direction in nuclear fragment and atomic cluster size distri-
bution. This tendency is understood through the effective classical temperature for the

ohservables.

1 Introduction

Molecular dynamics presents a powerful tool for elucidating both statistical and dynamical prop-
erties of mesoscopic systems. While quantitative insight can be obtained in many cases, the foun-
dation and interpretation of such approaches can be problematic when quantum systems are ad-
dressed, since the energy fluctuations are necessarily present in wave packet wave functions whose
effects are neglected in molecular dynamics.

We have shown this quantal energy fluctuations significantly affect the statistical properties
of nuclei [1, 2], and that effect can be included in dynamical treatments by means of a quantal
Langevin force. This quantal Langevin force distributes the ensemble according to the probabilities
{exp(—GH)) and {§(F — H)) in the canonical and microcanonical cases, respectively, within the
harmonic approximation {2], while the probabilities are exp(—B{H)) and 6(E - (H)) with the
normal treatment.

In this short report, we apply this quantal Langevin model to the nuclear fragmentation and
the atomic cluster formation of noble gases. These two processes have been extensively studied by

using molecular dynamics, although the role of quantum effects is different. While atomic nuclei
are highly quantal objects, atomic clusters are believed to be described by classical dynamics.

2 Quantal Langevin Model

2.1 Quantal Langevin Equation

We first give a condensed description of the recently introduced quantal Langevin model for the
situation when the system can be regarded as being in thermal equilibrium at a given temperature.

The treatment seeks to take account of the energy fluctuations present in a system being
described in terms of many-body wave packets. As we have already discussed in detail in Ref.
[2], this inherent energy dispersion modifies the statistical weight telative to the naive the classical
form, A ‘

Wa(Z) = (Z|exp(—~BH)|Z) # exp(—-FH) . {1
Here H = (Z}H{Z) is the expectation value of the Hamiltonian in the given wave-packet state 1Z)
and thus the last quantity represent the usual classical statistical weight. The complex parameter

_1f
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set Z = {zy.23,...24} is related to the phase space coordinates, z, = r,/2Ar + ip,, /2Ap, where
Ar and Ap are widths of wave packet. By invoking the harmonic approximation, it is possible to
obtain a good description of the statistical weight by means of a simple “free energy”,

FolZ) = ~log Wp(Z) = 5 (1 — exp(—6D)) (2)

where D = o%/E* is the effective level spacing. (The energy of the wave packet relative to its
ground state is denoted by E* and 0% is the associated variance.)

The relaxation towards this approximate guantal equilibrium can be described by the following
Fokker-Planck equation for the distribution ¢(Z) of wave-packet parameters,

vy, s
= Za V+Z Ua Q-’)a V;“ ;Mﬁ'aqj’ (3)

where ¢; represents either r,, or p,. It is easy to check that the statistical equilibrium distribution,
$eq = exp(—Fgz), is a stationary solution to the above Fokker-Planck equation. Moreover, when the
classical statistical weight is employed (i.e. when 7§ = BH), the drift and the diffusion coefficients
of the Fokker-Planck equation satisfy the usual Einstein relation, corresponding to a = 1 in (4).
On the other hand, when the quantal statistical weight obtained with the harmonic approximation
is used, eq. (2), the relation is modified. For example, if the effective level spacing [ does not
depend strongly on the wave-packet parameters, the drift coefficient reduced by the factor a,

oH 1-— —-30
V’i:AaﬁZMija—%, a:“%ﬁ)- (4)

Since « is smaller than unity, the resulting Fokker- Planck equation gives smaller friction, thus in
effect relatively larger fluctuations will arise.

It is convenient to solve the Fokker-Planck transport equation by means of a Langevin method.
Within the framework of QMD the Langevin equation becomes

p = f-afMP-(v—u) -BM" - u +g" - &, (5)
# o= v+afM-f+g &, (6)
oH OH
= — = —— P — g?P.gFf T —g"-qg . -
v=gy =% M=gg, M =99 (7)

Here » and p are the phase-space centroid parameters for the wave packet, { is used to denote
random numbers drawn from a normal distribution with a variance equal to two, and = is a local
collective velocity. In these equations, we have omitted the diffusion-induced drift term and that

part of the mobility tensor that connects » and p.

2.2 Thermal Distortion and Observation

In addition to modifying the statistical weight, the energy fluctuation also modifies the meaning of
wave packet ensemble, since it causes a thermal distortion of the spectral strength distribution of the
energy eigencomponents within each wave packet. The distortion operator exp(— ~BH j2) reduces
the expectation value of the Hamiltonian in the particular state |Z). The thermal distortion is
calculated by replacing the time ¢ by the imaginary time i in the equation of motion. The
resulting “evolution” is then described by a cooling equation,
2 9 Ap2
af_;::;E _ _& (0, dr, 2Ar (8)

i und s e =T T

with which the state should be propagated until 7 = A3/2. Here, v is again replaced by v — v in
order to leave the collective (or cluster) motion unaffected.

_2_
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Figure 1: Nuclear (left) and cluster (right) mass distribution at given temperatures in a box. Selid
circles and open triangles show the results of the simulation with the quantal and classical Langevin
force. In nuclear case, fragment grandcanonical calculation is also shown (solid line).

3 Application to Fragment Formation Processes

In this section, we show the calculated results of nuclear fragmentation [3] and atomic cluster
formation [4] processes by means of Langevin models with and without quantal fluctuations. In a
Langevin model without quantal fluctuations, the classical Einstein relation is kept (e = 1), and
the thermal distortion does not exist.

In Fig. 1, we show the nuclear fragment and atomic cluster mass distributions at given tem-
peratures. In the nuclear case, we put 40 nucieons in a box with periodic boundary condition,
and quantal or classical (normal) Langevin force is included in the Quantum Molecular Dynamics
(QMD) model. In the atomic case, the dynamics of 100 argon atoms in a box interacting via

Lennard-Jones potential is simulated.

It is clear that the quantal fluctuation effect on the atomic cluster mass distribution is opposite
to that on nuclear fragmentation. Namely, the inciusion of the quantum Langevin force tends to
produce more heavy fragments in the nuclear case, and vice versa in atomic cases.

These features are intuitively understood by considering the corresponding effective classical
temperature. The effective temperature can be estimated by means of the Einstein relation as the
square of the diffusion coefficient divided by the drift coefficient. In the case of atomic clusters,
the distances of atoms are much larger than the wave packet width, then the thermal distortion
does not modily the cluster configuration. Then the corresponding effective temperature can be

obtained from Eq. (5},
Te="L-L_pa_e?my>T. (9)
: av o a
This expectation is indeed borne out, as shown in Fig. 2 where we compare the cluster mass
distribution obtained with the quantal model at 7 = 0.5¢ to the result of the classical treatment
carried out at the corresponding effective temperature Teg = 0.62¢. The quantitative similarity

between the two distributions is remarkable and supports the above discussion.

_34_
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Figure 2: The cluster mass distribution obtained with either the quantal Langevin model at 7" =
0.5¢ (solid circles) or the classical Langevin model at the corresponding effective temperature Teg =
0.62¢ (open triangles), at the density p = 0.025 o™ 2.

On the other hand, the thermal distortion strongly modify the nucleon configuration in nuclear
fragmentation, and the above discussion does not hold. In order to iHlustrate this feature, we
consider here the evolution of the distorted momentum (z.e. the solution to Eq. (8)) which is given
by

h

pil) = piltir = 55) = < pt). (10)

Thus, in the rest frame of the nuclear fragment, the distorted momenta of the constituent nucleons
are governed by a modified Langevin equation,

p=e P/ _auM?.p' 4+ e PITVUTM . (11)

We can again invoke the Einstein relation and extract an effective temperature for the intrinsic
cluster motion, )
—DJ/T
ar = % = D/PT 1) <T. (12)
It has been shown that calculations with classical molecular dynamics at this equivalent temperature
T!q yields results that are very similar to the exact quantal results for the real temperature 7', for

non-interacting particles in a harmonic potential {2, 5, 6, 7).

In nuclear fragmentation, the normal Langevin model at this effective temperature Ty gives a
similar fragment mass distribution to the quantal Langevin model at 7', except the region around
the critical temperature. At around the critical temperature, the system is mechanically unstable,
and a small fluctuation induces a large difference after the thermal distortion. At higher and lower
temperatures than the critical one, the system is mechanically stable, and the above discussion

approximately holds.

4 Summary

In the present report, we have applied a recently developed quantal Langevin model to systems of
nucleons and argon atoms in thermal equilibrium. The basic features of the quantal Langevin model
can be summarized as larger fluctuaiions(or < 1} and the thermal distortion. The combination of
these two points appears as different effects in nuclear fragmentation and atomic cluster formation.
In the atomic case, the distortion effects are small and the effective classical temperature becomes
higher than the actual temperature. Namely, quantum fluctuations gives a steeper slope in the size
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distribution. In the nuclear case, however, the distortion strongly modifies nucleon configurations,
then the quantum fluctuation enhances fragment yield.

As it was pointed out at this meeting, the quantal fluctuation effect shown in this work seems
to be too large in the atomic case, since the distance between atoms is much larger than the width
of the wave packet and the classical dynamics is believed to be valid. However, a small width
in r-space leads to a large width in p-space. Therefore, the associated energy fluctuation can be
non-negligible. In our estimate, the "level spacing” is D = 0.2265 ¢, where ¢ is the depth of
the Lennard-Jones potential. Compared with the critical (classical) temperature at low densities
(= 0.6¢), this value is far from negligible. This may be related to the treatment of cluster intrinsic
degrees of freedom in Ref. [8]. Ikeshoji et al. treat the cluster-intrinsic degrees of freedom in a
different way from the cluster-translational motion. Therefore, we expect that there is still room
for taking account for the quantal fluctuation in atomic dynamics.
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Abstract

AL FBIJI% (AMD) 1231 2 —hF 7 ABROEE ZBITMATE
M EGHE L AMDIZE > T, RCIZ BB EE"BRRIENHDNA/—T
ST AV PEREYI 2 L—b Lz, R0 AMD &R L 72 AMD O#fIE=" K
JIENOBEHERD BENERPROMREALL T %,

1 Introduction

EERE L CEXMENY Iab—2a VER 1) #AWTHECI L3 IEE B
EEYIalL—b L, BITEABCBIT 3. ¥V T L5 NANR—BER 2 RU D
DT T LY - NA N EORIEER (3] DICEIE%E dynamical fragmentation
CLTHRTEINE S PHLPICTEIENBRAOBRETHS, ZORICDRET
FF—E, M3MeV/A|BETHY . TRETAMD A Y P> TELBRIC LK

NRTIFFIDE L, BRLUEE L BONFORHBEFRAES RHELLNTLE I &
Va9 AMD DX TWARBEAENIC RS [6, 14]. HLZ. ZD XS fERET x Vv
F—FBIZ BT, ERTBHIENTV:3Z 4 12C — *H + IBe O fragmentation
FEBT 20K, —RTFHY RAEROEORBRAEZ WY ARTHR L2 AMD
FEAL. B SCEAT 5,

2 Description of Microscopic Models

B2, AMD &—hFH7 AEROBOEHBEZ Y ANNTIGR L AMD &
5 oDEOFEEN Y I L— Y3 VERETITTFEARBICHWTRILE RIcE ¥
2L+, UTHHEICHERRORE2HAT S,

2.1 Initialization

BNy T 2 L—3 9 L HH (AMD, R L7z AMD) OFIBIEHEBUTOL S I
B3,
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=i, 2C o/ —oOyHEIZFILL. EZrLRRENS, [ﬁﬂlﬁj}:ﬁﬁ\ =-&2C
DR Nimegen model D 2 HEpNZHFERT Vvl [4] #IHEL. S E2C D
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=~ (sds) + p(uud) = A(sud) + A(sud) + 28.3 MeV
R X NIZARI T, 28.3MeVOD Q value IZ & > THBIICTHEELE NS,

ZOBET. DDA TFERODBFENRND2OPEFRLRS 1 3HREBRT
2 TONTOME L BHRD &%éﬁé o TNOAWHENL I 2L —Va LHRD
TR ER S,

2.2 AMD

AMD 3. MIFOBE S RET 5 EB)HER & ZHREREEIC Lo THrF i aEL
ik 3, LAY, HEHEAZEET 5,

AMD BV T EROEBMLIZ. EH/8T A—F —zIiZ, PL2HFO>—RIFTY
AWHD AL —F —fTHIRIZ L > TUTD LI ITHFEADbBN S,

1
d = 7§®wm, (1)

b = (2)" exp [utr = + 327 e @)

72T, yitd. spin-isospin HEIBETH V. /AT A—Fu ik, HV AEROIEZ R
LT3, ERRT XA—F 2,13, BERTHIUTOLSIKHT S,
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YiIERE R (1] % FlvaTe/8 U B R o R SARIC OV T ORI B D
FHET D4, T OEROMY FHPTHETH S,

(1) B&F + BT - BT + & T
(2) BT + A = BT + A,
(3) A+ A= A+ A,

2.3 Extended AMD

BiE., BEELAVF-EEOBKIEEZ VI a2 b— T 5700, —RFH7 A
WO, ZEMIKET IEFNT AT ELTERI L FLEBTHE L5 &N
Eb T3 [6, 8] H.Feldmeier & Fermionic Molecular Dynamics(FMD) (7, 8] T
3. AMD &FBRIZ, —RITH 7 APERD A L —F —477RIC L > TEFOW B %
o T35, WFOWHz, . Wy, ACERS, x 2T XTREICEFT 5E573/57
A—F L LTHDFE->TEYN, BREHAIBICRME 2>TD, FLE, EVHZA
' AMD ORZ[UTH > T, Bz, L8y, ZREIERTFETHEDNT A—F & LItRD
HBHERN2BE, ChEIERLZAMD L LTEATEI KT 5.

JER Lz AMD OEBI AT, AMD ERERRICIE- e 2R 0K Bz —hTH
7 AR Oy, ORI Z ZR L TRBICRET 2B RBEICHWIEEL Z .
PTEB,

d&C ac d oL oL

L0 -
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By, 2 R RENCRTET 335 X — % L LR @B LI TO L 515,

*log{ T|¥ ). dlog{ T|T ). 0H
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0z;
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3 Interactions

3.1 Zero Point Energy of the C. M. System

AMD EOMERL 7z AMD TR, BIT% 77 AERTRL T 3O THER P LOFH
W B E IR T AV EF— BN S, LA THENARO I IVF—iF, BT
DEHWTi2b, )

H=<H>-Teum (12)

TeREHBH I IVF—THY, AMD TRUTFTDOLIITEREL TS,
Tem =<TH" > Ne = <7}%M>A—ap<7}%M>(A—NF) (13)

ZT. < 'TCM > 13— fragment DFHF LT T INF—, o, BRRLLEVET
W@Eﬁﬁl?\ﬂ/¥ F At 5D BALT/NT A—F | Npid fragment DETH S,

Bad, <75 >EUTOLS WWEE LT,

1CM

Zi . .,f:-(m) CM 3h2 217;1/ 1
e B 0 B B g 5y =< > (00

—hiFDEF, H—ﬁ}ﬁﬁbl%)v:’ﬁ—- M3, }iﬁﬂr{t%ﬁﬁbf’%bk 2. QMD IZIED R
ﬁ#ﬁ&mDAnLEmmnﬂ®%%t~ﬁb A EE L SeIE, L —K
FTBELICEBLTHE, NpRUTOIIKEEL

Np

SIS =1 )

f,‘j = eXp (—-Vt|z,' —Z; Iz) (16)

$ERD AMD T3 ZE SRR T % V¥ —IEA fragment FIDRNRT ¥ v v & UTHEE
L, fragmentation iZHFBEHX 5 LB HNTS [1] 5. WEIEIC LIHEED

#UIEH’JLLEHH AR TIZ R,

3.2 Effective Interaction

BT, TORETHSAESHEAERCOVWTERAT S, BT % FHAEERL
LTiE. LLF® Volkov No.1 {5} KU 7 —u Y HEAEERAZ VTS,

unn = (0.35 4 Mimajo Py Pr) % (—83.34 exp(—0.390677) + 144.86 exp(—1.487r")) , (17)

AMD TR, mpgjold. 12C DIEBEREL shell BT 72D mp,.;, = 0.576 [1] £ 3 @
cluster BJIZ72 3 my,,;, = 0.65 [9] Z 2D T, BRI AN F-—DNRTA-F EED
HLUFO L5207 A—FEy b E2H
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parameterl:
Mmajo = 0.576, @, =0.772, 1, =05, g =0

parameter2:
Mmajo = 0.65, a, =0772, 1,=02, go=18, M=12, =20

*/-. AMD LB L7 AMD OFRISEETIE. H7 AWEKOWE Ny 2113 0.16.
Aﬁl?@@l& Vp = VN%a LTwb,

FOMOWEME (F-A, A-A) 9] B, EBREKHSRTVRIRL R TNV - T
LT NAR LS HeDIRE L RNV F— BT 5 LI FEAVT,

van = —67.12exp(—0.9353r%) , (18)
vy = —43.622(0.1+0.9P, P, )exp(—0.9353r%) (19)

4 Results and Discussion

Figure 1: AMD &R U7z AMD 2557z fragment distribution

00 AMD fragment distribution Extended AMD fragment distribution
1 L] L 1 L] L] ¥ L ¥
' parameter1 — {majorana=0.576) —
80 k parameter2 (majorana=0.65) -
% parameter1+collision _
€ parameter2+collision -~
g 60
g -
s 4r
2
=)
20
0 'l L 1 L
0 1 2 3 4 5 1 2 3 4 5

number of evaporated Lambda number of evaporated Lambda

Figure 1 i3, AMD RUMEIRL 7z AMD 12 &% 300 event D ¥ I 2 L—¥/ 3 O
BN fragment DA TH 5, (AMD i 200 [fm/c] TT. #ER L AMD i 300
[fm/c] $THMBRIER, ) ¥ Iab—Ya TR S-ORBIC K> THERENZ
DOARIFD I B, —D2HBNE_ DDA FARPLRIEENLS &V ) fragmentation
pattern RNz, AMD DY I 2 b— 3 TR, TR R EBT 5 EARTFAE
BINPTLHB, L., #3Mev/A] DEBELXVF—DRFEMICIIHNT 5
AMD OEHRNEHREOHIGE RBRORMAH S, WTHRIZLTSH, AMD iF,
—“OOARIF RIS TN - T LY A=K, BRIz, BT A3 DL
BEXNTBLT., FOLRERN 1 ~2%EELABLONTWLIEREHATE
T, 20ROV T T - FLY  NAN—BORIBE RS HEHTE TN
?ctblo
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—F . EBORRELBY ANTIERL 2 AMD TiE, AMTFAFER IR LHHE
NPT o TWnd, FO—208WE LT, BHFHEIC k-7l LICLVRFOH
DO SRR ROV F—HEE & i VR TREOMAN OEB T V¥ — A8 X 5 AlREE
PEFRET IVE-FBTHREL LB LWIZEAEZILNS, AMD DA TV 5
KIF RO RER R BN LT LU E 5 &) BB IR L 72 AMD BRRLTW5 L5
KE2 2, LisL. ZOHETIRE—ENE L THRES fragment DELI RV F—
BEEL TV, Ehid. B2TZIILZEEZ0L0MENEIRNSHL TR
PHTHE, Tl BTHO Effective interaction ¢ majorana parameter W& LT,
ABIFOBBRERSED VSV L b Figure | B bEAL DI ENTES, HWE K
KLTH. BRI AFIHNREBE L THEBINARELZLINTnS (1], =7
1+ 12¢ = 4H + Be &V 5 L 9 fragmentation ¥ I 2 L—bhTERVEWVIRIIZ
FEAB - TVADT, THIZAMD 2HELTOISLENH S,

5 Summary

B2k, RORAES B (AMD) OB Z MR L LT, 52 AMD O—H]
FHBBAKD A ABREOEE RIICEET ZER/NTA—F &9 5. LIVIRCESY
TR TR R % B ER L 2 AMD Z VTR k= RIGE AT L TE 2,

AMD D BERETIR, Zo07 A KT R UIEGEAARIERE N, 115’
L#= AMD Tii, T AT KIFHEEED BRI E NPT ) RBOBRITE &7,

UL, AMD RUHER L7z AMD B, I AFKFOREOAETABLTBY ., &
BICESNB X S5R = + 12C = *H + %Be %2 £ D Fragmentation AL T E TV
Vi, ZHUiE. HEIEBOIERET O I TR, B56E 13, 14] ARELRFERLT
BRRE R TR TERWI L EERL TS EEDbNS,

ZOREHELE. MRy I Lb—Ya VR T, BIRERISKBIT57 A
481 T KO Fragmentation % #—HNZRLIRY 2 729HIZ. AMD IR O T RN F—
DIBEEN D 3 Langevin 71 [12, 13] 2 EBRL . RIEEERT ST L ER2BTET
H5,

P WP
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3. AMD O=8/,\— 7
bk B NE &

1 U

RAFALTFE8/1% (AMD) [1, 2] &, ¥ AERDO AL — & —FTHIRXTEFEHRROHK
B E T AHMATH Y, FHIALVF—EA A VRIE[L, 3, 4, 2] REFARUL
5] 7 EIEEHOMTIEE IR T X 2 BATH S, BANICRANE, BFOFHN
¥ (QMD) [6] SEMHMLEMEZ 72 d DA AMD TH DA, —OIRIHILLEoTH L
ODEEWHAEIIST ST THE. AMDOBHADEBREBITLETHE, ROL )R
3. ETE 1, BREOSTHAETHEEVIATHE. DF, AMD BB A
L— & —fT5IRCH - CPHBHROEF E RAT 575, TREFABIC, 7574~ MEK
7 k*wcciglgr’%‘-azgg;gg—j— X A NS [2] Ay AhonTnT, ﬁﬁﬁ&?i@%ﬁﬂ
(TDHF ® VUU[T| &2 L) 28I 58BHTHEH. FI, W L O EE D R DR
BAIN ARSI TWE, AL Z R IEREZE TRV, EREEEZH W TER G2
RAEIET I NERNICIETEL, £ T4, EEEEQOEH T ZEM) 12iE, /N7
LSRN, EAGEED S ) BEESNEANRAE LV E D I TV (1L
B0, EPHOKRRES, TALF—BEKEL LTRESh, BERBRITEIILE
TH5. QMD TH, REKELD L IANF—OEVGIREATAELLY, EERRENA
R ThHot-0THA, AMDTIE, 7=VIEARELTHINLEHHABEZEII>T
WEDT, FO L) REEBIIEL 2. |

SOOI REBHIEME LD AMD Th 2, FOILERIRENBVR (ROHER
AFI00LLF) IZRSN T, FOEENE, EERES A ICRAILTHRTIPLTH
5. AMD Tid, M EMEROBRHMEE

V= %%(%%M‘PM — o) B Byj' (1)
CESVTEHET L, o iU Z OWE (—HTEBEE T, B = (vly) THS.
:¢®ﬁﬂ%%®%ﬁmﬁﬁmtﬂﬁfééﬁ,%%?A&@@E%%ﬁb&ﬁnw&%&
V.V OmMS [OV/OZ:) ARET A, i) AN ICHAT AR EBHSLRER L.
SOWROE®IE, A% (FTLRFALT) RIS LM CHETEL L) %, HA
ROHBEY OFEDRFEHL, Au+AuD kI ZEVR~NO AMD OEBAETREE T
LIy THL, ORLIZE T, Bl AMD ORSAEEbRL Lo TR %R
WA, VEEMT A ETTEFOLER V. 2L, TOEMFERE LT AOICE,
FROEER, BEFHOBEATAVE - IHRTHEMNELTHEFSH2D 1 MeVUT TR
IR L RVWTH A S . HAEEHOMBEOKEIZE TS0 50 MeV BLEILZS I &
Lo, 2% UHOERENERSLA.

2 MEERADELYEE

2.1  Wigner BBEIC L 53RN

T EEROENR AT 2, () ZEERVA LD S, Wigner BE (—4&7
AHEE) 2RVAERDPOBET S HFDIELLT V. AMD BB 2 Wigner %
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— 2w -Z)(u-Z) . -l _
f(rvp) 8%:6 szBk;z 3 u-—= \/—I' Qﬁ\/_ (2)
P Lo THETEL, v T AEEDRD AT A—FThHE, InEHVEE, "8
HoRF > vy vau(r) ®EE, ZHRMETIEHOHITHIIZ

. drdpdr’dp’ . b g ot
sz%%fE/Iﬁ%%gﬂnMNnmmpU&Jﬂ (3)
PEIXETILNTEL, 2L, CIIEBEEEKREEYES,

(e, pir',p) = Sv(r — ¥) = 50— )i(p ~B),  3(p)= [dre PNu(r)  (4)

f%é.ﬁ%-m,%aﬁ%LﬁL@%w%ﬁ,%@ﬁ%@@%?%%ﬁ.::?@XE
v TAVAEYOBEAEFETEL VRV, FRENY ARSI, f, 0iIZAEY -
74vx€y®§m§%oﬁfﬂ“%ﬂat,ﬁ%-uzﬁy-74yzfy§m§uow
TOMbLELEZEZ T L.

I F TR, MOEMITR o TRy,

2.2 Z—&E/I—EM

BOHMZIEX, V=70 f@@@%@mm%ﬂf%QMDm&ﬁ@x%ﬁwﬂ
MR BHIETHDI. AMDL_ﬁ%ﬁx%%Aﬁéwemwt%ﬁfﬁ

W, = Z(@)ijzj: Qi = By By (5)
3
zHwT
flw) ~ fO(w) = 83 e (6)
ELT,
Ve Y®=r2.5. /9 (7}

YEUFAEDD L oL L5 L. ZoEMETR AR, FHEEE A2 CHHT S (2L
B O AFRIOFEIZ A3 BT A) . L L, $ETRTIIE, IoEMEEL ) TS
VIAR TR,

2.3 Z=ZEJIL—-EM
SEL—FHELTIE, B0 nlOF Y AWRKREEALT, TORLEHET Wigner

BB F AR B
flu) & fC(u Zcpr S (u) = ge 2l (8)

FREROA T ARR [ OHLw, EEREDE ORI ¢ V2 & o THALAS 2 Wigner BIEL
fOPERINTNED, ﬁ?%th@&%@ﬁnukéﬁn@kéwit;wﬁ&k&éf%
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HAH, TITIE, no=3kEN, w, i, FRNEROBTOER (BOIHALETOFLd
7, THHEEEIIW,) 25 L TRENEO S AR OIS ETE D £ 1S,

Wi pzi
AT, FLT, nABOBRE (¢} 3, &#
foev =0 f (10)

Lo THD D, b f (FRE0-FC) 3, oA F (i f9) BELTFHREERT S
e, CO&MEE, MHEZEEOSw, Db ) OTFHEHH f THELTD fCTHRLTY
I\ DI EEREELTVE, 20 (¢} 3o D&M, BBV —RKABRATSH
_(’

nZAlqucq =bp (11)
LELZENTEDL, FEL, q
Ay = F50-fF (12)
b, = f o f (13)
rEGr. FLT, CAMEEBORSMEIL, V=Ff0-fOhD fE fCILBEERIT,
Y PG = 6. 5. <G Z CpApgCq : (14)
Pe

Sl o CHELEICEET S, 48, £ (10) 000, o0 fDIbLO—FETE fC
CEBABITL, MELLBERAITCYH, EHLTHFRLTH A,

IOERMKXEFRCT AREEAORBELYHET 20, A OFERLETELC,
A3 HFF AEETEN S, £, {b) #KDHOI nA® CHHAT ZHENFLET, £
7o, BV HREE (1) 2H 01 (nA)P KRBT A HESLETH S, ERIZE, {6} P
SHEPRRTOEMNE DL (n=3DEE) .

FRDOFETE, T, Ay PWERTFIIEL B0 T, ¢ OHEENSIFFIIRE (X
TLEIENHL, ZOLE, FORMMEMTHLIEHL TS, £ (10) 1, &
[w,} DIGEO TS L & (CHERBE€HILIZE-T, 2UMERTOFESHT L CHEET
AILEERTALOTHLY, BRELTELNS fOIFRMELLTRITNE, ZO
FREF- Sz v, FIT, ¢, ZEV- MO L ZDME ey (p < ADEE D =
1, p>ADLEL=0) 2HRELTNEDOEET LD, sU10) O0H YIS,

PICARTEN A AL B JRE AW Rl (15)
p

P

TRANET S EWVIA M, Thabh,

Z(Az + fz)pch = Z Apgbg + 6202 (16)
q

q

LEoT, {e) ¥*RETANDERETH L. SHORETRIHETHE, e=01MeV E
¥ o-mT, RIEOBEIZIOEIIE TR,
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1= Exact — 20 Exact — Exact ——
10 c QQ 10 Ne o0 - 10 | “Ca
cG © cG © cG ¢
20 } { =2} {4 20
%} -30 -
=3 TR
55 -40 F
=
LE0 b
60 |
o L R . R R L Jd ol . . , N ‘ 7o Le " . N L . A
) 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
t [fmfc] t [fm/c] t {fmic]
8 rr T T T T Y T -30 1 T Y T T T -30
- Exact — o7 Exact — . Exact —
16 F Cu QQ - {1 -0 %ag QQ - 4 <ot ®au QQ - 4
cG @ cG ¢ cG ¢
20 F E -50 R - 50 P
N 60 { 60
= i
<« Hr e TR e 70 F
50 b ¥ R st a0 }
0 b4 90 | {1 sk 4
70 i i 1 i 1 1 A 00 L L P 1 1 1 S0 Lk ) i 1 1 L L
0 56 100 150 200 250 300 o 53 100 150 200 250 300 0 50 100 150 200 250 300
t ffm/c] t [fm/e] t [fmic]

P@mehﬁowﬁ%ﬁmﬁbf,@%@#&@%%H@%%Kmof,:%ﬁzﬁmwﬁ
B (ER) &, FOTEL— TR R BIUZEL-TEB (O) ERT.

3 ELOEEOHER

I TEA L TEL— FI VR 2B — TR Ve OoBEEHET S, TITH,
Cogny HOHEIEAIZ2VTOABG RS . BRWICRTEBY, HFHAD 1 MeV =
EuTwﬁﬁﬁ&Hn@@w%K&%aw.it,ﬁémﬁﬁm®ﬂ%mmmttw®f%
2, RIEKRAEZTR, B4 REMEREICT L CHBELHET 2 LEN S L.

9, Fig. | Tid, ©2 05 2BEEGHORE IR T, “HME/EH ORI fEL
7o, ELERIT L o T 2o EREE D o tHR LT, BEGHIEN

oH
04,

e
iﬁ}jczmﬁéaf~:(1—-025ﬂ (17)
37

REEEAASS, BEEZT, BEA YV SEALZ VIR VO AL Tw L, JOEHAER
ONINEET Y HE, BORTRETLSOFHV, WAg & WAL L TH, A
BAKAEL DT, ZEAN-TEBLANIA T HR EH BCAS PAu ET
OEOEFHII LT, “HEA— 7EB VR B AT LBE LI RN &8
Brd, B, KEVERCEB TSN 10MeV #HBRATWE, FRIINL, —EL—
FEALVE F, I TRHAL ORI LTS, BEIMTHoD 1 MeV ZHZ T2
boER L, BRHEFELR TS,
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0. @ Exact — P Exact —
-0  TCa+ Ca QQ o 4 -10 |} *Ca+ Ca QQ - E
G © cG ¢
20 20
R 8 >
[ [
-3 =
§ -40 - §
SR A g
60 F
0 b N L N N N L 70 L L L N . L .
0 50 100 150 200 250 300 ) ) 56 100 150 200 250 300
t [fm/c] t [fm/c]

Figure 2: &1 &7: 0 OAG LA NLF— 35 MeV D 00y + 0Ca Kino AMD-V &HE [2] ©
—onA4 Ny FOPEBREICBNT, THRHEEHOBEE (E#) £, FOTEL-TER
B(EE) BrUmEmL— FHEE (O) 2R, EMEIHREAATA-Fb=TmMmOfXY
N, AL =0fm DAY FTH 5.

Fig. 2 Tit, AT AVE-ATH720 35 MeV @ “Ca + *Ca BUST, AMD-V[2]
AHOWCEHE L 2O ANY POPEKEIIH LT, AUOBEERASTZLOTHS.
f = 0TI OCa DERIREE BT LEENHENTV S, EHIE, b =7 fm ORRERZ
DT, t<50fmfcCiddT ) HREEEHORNE SEEHL TRy, “EL— 78U
Tl AEP T OB IBHTLE o TwA. ¢ > 50 fin/e T A EIER OFIFHEA R - Ty
O, BThERRIENELDTHE. EAOL <Y FTIE, > 50 fm/e TV G
LSRRI o TWa IR LA, oA~ b (Bflidb = 0 fm/e) T, ZHD
I5 5 AL FHAAETIERETOTAAKREY, FRIL, ZELV-7880E, A%
WA, TS0 1 MeV LIAOETHRE 2 ZHMHEMAER Y O L valdfililt-Tw i
£ TCHA. ,

4 FELHEEZE

COMEARETE, AMDO_MMEMRHANIN 2T v E, A CHREAT AEEE T
BCXx 2 FUROBH I OWTHRELS:. TOSEL— FEMUE, HCERWNZINTS S
T, BELEFERENICHERLTYS, BERETHAD I MeVETTSHY,
M EHTHLEELZLNL, Lad, TOEMTIE, #ILEASRIREG TSR/
FA—FIFVEDL 2w,

SOEBUZ LD, AMD OfEs L bR A Z iy, AMD EEREBIIBITL I
NS L OHEE A RN L b Th L, Sy ) EEEREEEL, TAVE O
BN ESEERETH L. QMD TR LITLIATHI AU RT Yy v VAEA S
245 AMD TlREFO I HLEREL kv, £/, BTS00 3EOT 7 AERTEA
LA, Zhid, LANVE—FEFEOBICNAITEbNAEDTH T, EHILA - 720 TR
L7-04 528 OB ERD 2.

TEL— TSRO L D, BERITEIC AR TREROSEAERTEL LMD,
BT &7 0 3EORREFEA LR, bEDLOMERFESALY Y - TA VALY K
%ﬂﬁiﬁwtbuﬁﬁmto(w%:ktk%%ﬁT%&,%%%@@R@,ﬁi%A%
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Table 1: #MEMEHI -V F—3HE 12 BT 2EHOROER A XK 2 RKFEEOHEEME.
A=80 i+ AamkE L AMDEIHEL 1 £ L.

W#E % AMD 18 | ZE v — 7l
A =80 1 0.15
A =200 40 2.4
A = 400 625 19

1943 272 %. Table 113, SORIZHETNT, A=80DF (*°Ca+ 1°Ca) TOFERHH
1L L7-E XOHEBREYV(OPORDERIINLTRL TV, EROMISEET
2, NIN T Y TRBELTEFOMGAEELATREIR SR WOT, ZOREIEZD
FFELLILFTELVY, FRIZERE(ELLI LIV EELNL. BECa+
0Ca O AMD SHEIZRZ FLEEEB VL E 1 ARV FFLOFENTHLIPL, ZE -
FELAEBONIE, A = 2000RBECETTE, A= 40DFELIEHTETHL.
7730, WEOHHIZLDF vy ANAOFEFRY AN AMD-V[2] 22 2FHE 4 =
400 DRI LTHEZ IO, AUETERWIILTYS, 2RI KETHS.

T OWETIEN S N dro 7298, BEKEDIZOWTE, TITRLEIERIIZYY
LEMHEL I ACTRICLT, AEEOHETEMTELI &b T, 72,
NIV TP oD Z BT A EEET LI, BUORTTHCCYHEREW O 2
T AL ETH LN, FORRFbbhoTHEH, WEIZAEL R,
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4 FALRRE O MM & L T OILIGIRGE

H EU@Q) /N Ezb: I{. Varga’. HE 1TE
FrE R B RREIT SR, BB K F A ATMOKT

1 Imntroduction

ﬁ%ﬁﬁ@”?%—yé%ﬁ76$&®—otbf\ﬁﬁﬁmwﬁ%%ﬁﬂﬁféﬁ
WS L A HEARE SR T VWA, JOHEOEMIT, HRIRED/$T A— 5 2 F7ER
BOSEOAPLFETELATHAL, FERBOIAINF -0 2 RREBEERICHK
F AN E LTEAERET LI LI, HERBOLANF - EMERELL. D
EE 3R EHLERYSRET S,

B REEFRET AEENTEN 2 FER S HTHOBRERET AHEFHLHH,
OFEZEELRICITEL TRV, BFEREF - ST OFIKTIL < b TvAIHE
HEED Y5 A — & k3K B FHEID real stabilization method & . complex scaling method
& B o, real stabilization method TIREBERE KELEOBIIREAMET 5 & 5 ICER
4% »¥ o complex scaling method TIXEEL MR L HEIMH © 2 RURST 2 HES
42, MELD 2ETHESCEMEERATAZOI, TRITORBRELE DD
HEIPFIHATEDLZLNBADFETH D, TNOLDOFHEIIFNLLDOTH DA, real
stabilization method I FEMBIKEED T % Kb B 72812, Schrodinger FREREH L 2K
S PEOETEP T NER 5T, TNEEEZRTIIAELHERBLLELLTLE
3. %72 complex scaling method IZMDEVHBTLHENTH S PEEHOTIEE L
BEEROIANE—BEAMERLLEINTRL RV, EHIININ =T VATV I-}
CHRWOTEEEEZ RO T NELR ST, TRRZALF-OBRMEZRVETIE LY
BHTId v,

Kukulin & 12X 0 EZEREOTHZER T4 D OO EF B FIEVRESI N TV 4,
(1] SOFEEFBREOZ I NF—D 2 TR HEEAOKSEROMEE L THETER
B2 L DT D, BHEROFED, KB I VY —EHEELERIIROZON
T bW OEERRIIOMEH SN TV, BELBEEROFTELFEOREICLL -
TSR IR CEBIEIND LI ko D, IOFEERFATELL I
b COFEOTERERELEOIIERAIL2ARL IBROVLOPORDEEESLC
Beotre CHBOERY 2 KR TIIEE Schrodinger SRR TR T 2 Hix 2] TRDH
HREY ¥/ 34% TR complex scaling method 12 & B#ER & LB LigE L7z,

T VT
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2 Formulation
%@ﬂiﬂ}:77#5ﬁﬁﬁm®ﬂﬁ%%£ﬁﬁﬂT@i5E%%f%é&Téo
H()\) = Hi + AHo, (1)

gk \ & EH LITRENEERETH S L I8 VoS LTnizonT, €
OFEEIEEAEIE L. S5 ITHBIRED L RBIREE LD THA ), FH LIIKE
DTN E—EEEIS YOS AEEERE N T A TRVF—ERED 2 FRN
A BT IS0 LTI (A ~ e/ A=« F2 =012 L TR Eo(A) ~ c(A — Ao)
PIRES S ENREINT WA, [ £ZTa= VA=A EBE ka) T LT AR
LEA D, ChLOREABNTSHAI L LD, ThOFRBIREOHER (A > ) P
6%%&%@%&(A<%)«%ﬁ%ﬁf5:&ﬁfgao::?Aoﬁ%vwhm)w
BEVEEETLLE A GEET 2 LE2BRRMPTEZDT, FLFLT 087 H (3]

o+ 17 + cox? 4 ...+ !
(2)

14 djz +dya? + ... dya™

PRI L. BTS2 TR 070 A > A WXL ki(z) RFEETH Y, 23T AU DERE
FEOERAFIALTHRESh 20T, REIERTE S, FHIBREO T R F— &I
PTTHEz2LBNS,

E—il'/2 =K~ (3)

B A RET SO0 M+ N +1 EOFEREIT 2 EEOMEEE (A > Ao) I
ﬁﬁéSmﬁ&maﬁﬁﬁ%ﬁgI$W¥"@ﬁﬁ%ﬁﬁﬁﬂﬁ&6&woitkoﬁﬁ
Enﬂ%t&ﬁn&&%&wo%ﬁf%5%%@%%%tbt@%&ﬂ(ﬂ?ﬁﬂ@%ﬁ
i Ll bV, SO0l FAREE IS T B Schrddinger FEX % . I
BEEEECERICEI 2T NIIR OBV, TDLT) PR Ik LR 4 I FER R E S

[4,5) #FB L. RERKEDOL A VEF—-EEEERE.

3 Examples

2%%?®ﬁﬁ%ﬁ®ﬁﬁﬁﬁ%ﬁ%%étbﬂ\MTQﬁ?V?fWKEHé%%
BT OWTHBITERIC X VIR EER Schrédinger FREFE S L TIR7CET L
Lo
Vir) = —8X expl—(r/2.5)°] + 2 exp[—(r/5)7] (4)
BRI h=z=c=m=1T&Hb, 2ZTm BHIFOEETH D, /ST IHUDRKRITIE
M=N & L7, BIEsmIZL ARG OHEREETEE S(:l;l‘fiillg(—‘l' HRATHWIIER
&kﬁtt@@ﬁmif&6oW%@%%@ﬂ<~ﬁtfw%:kﬁb#éoﬁﬁ%ﬁ
OFEDSTOEVEBREIILAEG TH S I L LD,
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SR TORAEREOFEOENMERET 27010, HELHEEERATO3IFY ¥
FrER, BITERICLS # 2 % complex scaling method 2 X BHER & BT 5o

V(r) = =120 exp[—r?]+ 3X exp[—(r/3}7]. (5)

THANLF— L ESOBEMT MeV BT fmn Thbr, NFODEEIL, hQ/'m = 4147 TH
B, SHEEEHES Y OOREETE R, HEEHAORDESO#EEERTELLEE
P TDEEIRLE—O2ERD N\ FETOEBEVIL, KO ~ VA — A THHDT
v = o—» &ET D BTERICE AR T complex scaling method DFEFLHELL
EENEI Thb, MBEDERIIZASERDOLEHTER —HLTwh, 2D L
L) BATEEOHIED 3 AR TORBDEIIT SNz, NFELDARTIE M=T THh,

4 summary

o IR R HET Y Yy VOHEERT 5 2ROV or0OBFRE, 3KV VR
D4 GRS Y O OLBIRAE L BITEROFECL VRE L. TNLHDHRE
B3 Schrodinger FRNERST HHEIC L H#ER, complex scaling method (& X AR
LR~ L. COFEFLBRESHET A LTERCHENLLDTHE I LD
e BEFEEOFEIFETES L 120 TEFRICEREDIBESHROHETIE
DRENH D, BHEEOHEOBRBIIFBREBOHEDA LPAA L 2N nET
DEMFELY RD B OO FEHNFHATE LS TEANTSH Y, TAEOLOEFEIFA
CERAIEIREEIIESTHE, L L, NATELORME ERIIRD 570D HAR
g8 % EREICEEA TSR 6, SR DR AR LCiZRELZETHDTART
DFRICHEATE BHDIF TRV,
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1 Introduction

ﬁi‘ﬁ&@iﬁh}uﬁw(ﬁﬁ%%%%&ﬁWM)%mwtﬁ%ﬁvxﬁﬁm;af$&ﬁ%%®ﬁ$&%
%5%%:&%%LtoL#L&ﬁ%:ﬂ%ﬁ¢bﬁ%ﬁwtﬁﬁﬁﬁ%ﬂfw6oPb@%ﬁ%%&ﬁ@é%
E##bﬁ?@%%VVW\Zﬁyﬁﬁﬁ&E%QAﬁﬁwfﬁh%wlﬁ&#¢bﬁ%ﬁﬁﬁﬁﬁmTT®%
ﬁ%ﬁ%ﬁﬁ:tn&5osww@ﬁ%%ﬁ%%&b?«@ﬁ%uﬁ&@%Ewﬂﬁ%%ftbwﬁ%&%xb?
%%50¢®ﬂ®$@ﬁﬁﬁ%ﬁwé%%mﬁﬁéﬁwu\ké(%ﬁfﬂ@ﬁ%ﬁﬁﬁom%&mﬁﬁﬁ%‘
AV Y. TA VA VIREOLEREHT L.
,:@%EKHL‘ﬁ%ﬁiﬁ4ﬁ%%ifuowfﬁmmiﬁm;ofgﬁamﬂhmihfﬁn\ﬁ&a%
FICLABAIANF—OFHEEZEET A L. A= DEFHIZOWTIH T REEOF v FVERD ARTEE
KT TH O Mo T (H 213, Green Function Monte Carlo[2],Faddeev B3, 4 %) LIZIZRAILERE G D,
#ﬁA;4ﬁmowfd:ﬂ%®$ﬁmﬁﬂﬁd#ﬁﬁﬁﬁt&D\itﬁﬁﬁ%éﬂfw%ﬁﬁtowfgﬁ&
6$E®ﬁfﬁﬁﬁ§mw@ﬁ@?b##ﬁbfu&wmﬁﬁﬁﬁbb\%h%ﬂ@?&ﬂi%ﬁ%ﬁm%n%
ﬂ&&@%ﬂﬁﬁéwﬁﬁﬁf%%o:@i5&%%Kﬁwf%@ﬁﬁ%%&ﬁ&LfRaﬂmmVQMA@mm
\%N&mmAwmm%mm‘ﬁ&uSVM%%&E%%&ﬁT@mmmamamﬁﬁuﬁmL\:@;5&@@
%&&KﬁbSWM@%i%%%@%ﬁﬁl@%&mﬁ%ﬁ%ﬁ?:taféo

2 MEHFYZAEE:®BVEERHRNEDNE

BTHMEECBCCE, HERAOAY Y, TAVAEVE LCEE S SR~ ORISR ICERICS
2. Bl% SVM % HEMMD FCORTAE~EA T 5RO A AKIEOIERT (T A —F ORELER
Bl Ay, T AVAY YR LTHEMESE Y TNTIRE LHERER A ERTALEFDH b, SVM ATREHR
TLER G2 A0p, FIHET Y AREERD 2 CTHLOEZOEERVERETB I ko TVARLTHL,
ST AD LD RHEN T AREOREESICLIRE L,

LS JMTAM {x, A) = A{ef%xm{ [BL(X)XS],;M NTafr ) (1)

::ﬁx=@hwmpgu&%ﬁwﬁﬁ@ﬁtﬁﬁéwnegg%iﬁoﬁﬂAﬁwwz@ﬁwmﬁbN?—
x-&#%&%(A—prbqqﬁﬁmﬁﬁﬁ%ﬁﬂfﬁéoBmh@)u&ﬂ%ﬁwﬁﬁﬁ%%iﬁﬁ\:ﬂ
%mmgg:=meﬁpgﬁghgguqumh.w;5mﬁﬁﬁ@@%ﬁﬁmﬁﬁﬁ@@%%ﬁnfifu
mmnﬁ%%\%%ﬁ%?$wﬂﬂﬁLﬁ%@@%ﬁf@h§2#OL:&LEQﬁt?%¥$W%EU\Mﬁm
Wi owTidlh <+ <4, h_z;hVMgh25h+hWOL:QLQ%ﬁtﬁ%%ﬁam@mLML
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PR AR, AE Y FAVAEYIEOVT b sy = Xsians. 5Ms = (X3 X 3ls0 X glsiaa]snry PETIEE
BIOAE Y, 7AVAL Y 5HATKD B, triton 23 2DAE Y, FLT220T AV ALY Fy AL %,
amauﬁo@zey‘%szo®74vxey%&$»%ﬂhkhtom

SVM DEAELHRAL D DIATE, BEOKTRE K —1 ERELT

(1) KEBOEEMEE R0 57:0 N BOBRH Y REBICRES TS,

(I-a) HHAE Y, TAVAE Y BIUBFETHODINLF v AV EBERIES,
(1-b) # 7 AEHDIEAH 3T A5 2 YHENICEE L b 5 BANTEELILES,

(2) KEOKREREF AV THREREOL I L ¥ — 455,
(3) EHBICRESLLARTHROPTRLEVIALT - 252202 #R L KEBORKRL T 5,

(4) K+ 1 BcBEL BT,

CDYIEECEALBREORSL EOF v FAFEES,, ZHESHNEFROELRH DL I LSLED
B D T EIREE LV, SYM i (1)-(2)-(3)-(4) OFHELBEL THBENCERL SR ERMGICHET 5. TL
T OFEETELN S REMEEHOTELXBYILS, AL, fI2iEH5RTH K £ TEEOHBMATDH
n.BEAFTIL., BLUHERHAT A— S -BEAONABETIOFRE IO, COBATHES L
7o F R R R LIRS A= 5 R RAT 5. SORBOFHE AR (1b)-(2)-(3) DB & 2 A A F %
CAEBINES 2B ETRYVET LR D,

3 R

1. 7 triton PSSO T AN F—FTEOREI 20T

HETT, ZOEORT L S IC refinement #2275 Z & K AVE AVS RVS&

1D, TAVE-QIURICLERRTREH I % |

KB EACED, BELLT triton B Calpha & 20 —063 736 ~6.33
o o g 50 —7.04 —7.69 —7.41

FOZANF—RBRIDOLI LRTRETRRLIRERS 0 .1 _7r7q4 —7354

Nz, B1CRTEIN, 4 BTROESLDBES 100 —-7.15 —-7.79 —7.59

AVE AV #F7 ¥ ¥ ¥ VEFAVIBEN T AL ¥ - OIE  *He

GBS, L) RDGATE CER®L Rvs oigge 100 —2437 -35.15 0 —23.55
LR T D = E A, A L7 200 -23.05 —25.50 —24.15

=2 . o SMOELIIIEAL  a0p 9598  —2560 —24.35
LT EERYEL LT T L 2nE T 400 —25.40 -—25.62 —24.49

BRL T2 triton ROBE &) BADIT B = ST 72 1. triton B & Ualpha @ =3I ¥ — OEH {(MeV),
DHEMEFLELSEZROPRALZVEFLHN D,

o T1 b O HE R 2 (R T, SVM & GEMC 28T 5 2 T AL ¥ B EVECHEEICEHRE T2
vz, SVM i BHI L WEERTRCBEOREBL A TEL, HENEN TRV TEWHOFST A
LE—AZBEL(CEROLILOEERRLIRLEIE TR v, FlAHE, He BFRED 2 il - A L F —



JAERI-Conf 97-007

HBLZE 1MV THD, 2O L, B I00KeV DR F—DENIDY L FEF T — B E L (R
HinEELLND, SVM OB —D L LThHT HhbOH SVM LB A=56.7 HMAZ~OIEL TS
B L Thh. A=A RS VKT THRANZZ LI E 0T, LY ERHTRIH LTS SVM RO
%%OO%ﬂwﬁiwﬁﬁ:—Fu:nmﬁtrgﬁ%Té0‘E%uﬁmfé%ﬂﬁﬁmﬁﬁﬁé@ﬁﬁmu
FoTHRENS, PETHIUTIENER) ANDL Z L HHHIIEY,

4 F&

HEWHS T TO triton,alpha @ SVM & BV 2 REREBOEFFHHEE B %2275 BEREBIIRERLAY
P r ATy BEMERE. BT ARRTHLHLENEEHBT LV FRERORG D5 % b EEN
O ERsbECRE S ND. EHNICRES CRLROD LOCHERYHOLINL0/T A— Y RERR
CREIL D 2 L BBEE 2D, RERWESHEIRINGLET Y MICRRT 52 L Lo TERLERE BN
A=3 A T-FHHEADFEL X o TENEN, 100,400 KTRETHELI, POFDERPEDOMOFENE R H&
CBEOBVEE T B, CALOD 245 SVMEERLARECRIEE Vo LEROBEIMI b HHT
b AT L ARSI, T8y b BATRCHEL EREAEOND I LICE Y, G5 BB AV
RS A~ b BRI T B, T A=6,7 BT RANDMA % L~ OIIROT DTS 5o

§

[2] J. Carlson, Phys. Rev. C 36 (1987) 2026., J. Carl-

-4 T T T T T
(] '
ie %Iﬁi . % Argonne V8 paotential
=
i —
— '5—§ -——} step by step |
[1] K. Varga and Y. Suzuki, Phys. Rev. C 52 (1995) 3 T ratinement
= )
2885. 3
[
g

;

A3
son, Phys. Rev. C 38 (1988) 1879. 7k (% -
[3] W. Glockle, H. Kamada, H. Witala. D. Hiiber, J. ' ‘ \"“'-u
. .8 | I 1 1 ]
Golak, K. Miyagawa, and S. Ishikawa, Few-Body o 50 100 150 200 250 300
ber of basi
Systems, Suppl. 8 {(1995) 9. number otbasts

.1 triton DTN ¥— 0K, BR2EEKDY 7
Sk AT AL F— DI (step by step). B X UE
L 2% ) IUR (refinement) 2R L7

[4] C. R. Chen, G. L. Payne, J. L. Friar and B. F.
Gibson, Phys. Rev. C 31 (1985) 2266.

[5] R. B. Wiringa, R. A. Smith and T L. Ainsworth,
Phys. Rev. C29 (1984) 1207.

[6] R. B. Wiringa and V. R. Pandharipande, Nucl.
Phys. A317 (1979) 1.
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SVM GFMC FY VMC CHH
5H
AVE
(T) 448
(Ve} =319  —52.0(3.00) —43.7(1.0)
(P23 176 1.75(0.10) 1.95(0.03)
E 715 —7.22(0.12) ~7.15  —6.33(0.05)
AVS
() 46.3
(Ve)  —52.9
(Vis) —L2
(r}t 175
E ~7.79 —7.79 —7.79
RV8
(T) 522 54.0(0.20) 52.2
(Vy  —59.8 —62.0(0.20) —359.8
(r2yr 175 1.68(0.07) 1.76
E —7.59 —7.34(0.10) —7.59 -7.44(0.03) —7.60
“He
AV _
(T)  100.1
(Ve) —1254 —122.0(3.0) ~122.0(1.0)
(P 1.49 1.50(0.04) 1.50(0.01)
E  —25.40 —25.50(0.20) —22.75(0.01)
AVS
(T) 98.8
(Vy  —1244 —124.20(1.0)
(Ve) —1215
(Vis) =29
(r?)r  1.50 1.51(0.01)
E  -2562 —25.75(0.02) -25.31 —25.60
RVS
(T) 1117 109.2{2.0)
(Vo) —139.1 —137.5(2.0)
{(Vis) 2.1 2.45(0.23)
(Veew)  0.75 0.71(0.02)
(r3)* 131 1.53(0.02)
Pp 15.5 15.5(0.20)
E  —2449 12455(0.13) -23.79 —24.01 -23.9

# 2. triton B & (Falpha O TRV F— (MeV) & #4% (in fm). £% 5
RFEy Ty ML BEREENTNEDOTHRE LB L,
FOMOFEORBREOTIFTBMEI W[ T R L
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6. Quantum Monte Carlo Diagonalization method
as a variational calculation

Takahiro Mizusaki and Takaharu Otsuka
Department of Physics, University of Tokyo, Hongo, Tokyo 113,

and

Michio Honma
Center for Mathematical Sciences, University of Aizu
Tsuruga, Ikki-machi Aizun-Wakamatsu, Fukushima 965

ABSTACT

A stochastic method for performing large-scale shell model calculations
is presented, which utilizes the auxiliary field Monte Carlo technique and
diagonalization method. This method overcomes the limitation of the con-
ventional shell model diagonalization and can extremely widen the feasibility
of shell model calculations with realistic interactions for spectroscopic study

of nuclear structure.

One of the trends in theoretical nuclear structure physics is a stochas-
tic approach for nuclear shell model which describes the dynamics of nu-
cleons strongly interacting each other via residual two-body interaction.
The conventional shell model diagonalization clearly meets the difficulty
as the dimension of the Hilbert space increases, while, several stochastic

approaches are proposed in order to overcome this limitation. For instance,




JAERI-Conf 97-007

Horoi et al. [1] proposed a truncation scheme with stochastic criteria for
the conventional shell model diagonalization. Koonin and his collabora-
tors [2] developed the Shell Model Monte Carlo (SMMC) method based on
the auxifiary field Quantum Monte Carlo method, which turns out to be
a powerful method to extend the feasibility of shell model calculation for
ground state and finite temperature properties. However, this method is
not free of the sign-problem which is a generic problem in Quantum Monte
Carlo method. Conaequently it is not enough for investigating spectroscopic
study of nuclear structure. In a glance, Qﬁa-ntum Mo_nte Carlo method and
exact diagonalization seems to be incompatible each other because they are
based on completely different principles. However, we combine advantages
both of methods and develop a new method called Quanturn Monte Carlo
Diagonalization (QMCD)} method {3]-[7]. In this article, first we outline this
new method and then present the feasibility of the large-scale shell model
calculations by this method.
The ground state energy E; can be written as

(W] HePH T

E,= lim " 1
97 p0% T(U|e-CH T (1)
where H is a Hamiltonian and |¥) is an arbitrary wave function which is
not orthogonal to the ground state. The e~ is a ground state projector

with a sufficient large 3 and the ground state is expressed as,
¥,) = lim e 77|, 2
9,0 = Jim e |9) @)

In general, Hamiltonian consists of the one and two body interactions. The
latter causes the difficulty in treating Quantum many-body problem. If we
treat it as two-body interaction, exact diagonalization is inevitable and the
ground state projection is often realized by the Lanczos method. In turn, if

we can treat the Hamiltonian as an effective one-body interaction, there exist
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two approaches. One is a well-known mean-field approach. The other is an
auxiliary field approach. The SMMC and QMCD methods utilize this aux-
iliary field approach, by which e P can be shown by the sum of the e~ 0h(0)
where i{c) is one-body Hamiltonian parameterized by the auxiliary field o.
In the SMMC method, the ground state energy is evaluated by the Monte
Carlo integration over o. As the action of e=%%(7) to Slater determinant
keeps form of Slater determinant, we can count the number of Slater deter-
minant in the SMMC calculation. In the typical SMMC one [2], the ground
state energy can be expressed by several thousand Slater determinants. In
a sense, these Slater determinants can be considered to be potentially good
basis for describing the ground state. Then, we proposed the diagonalization
of the Hamiltonian evaluated by these Slater determinants [3]. For better
efficiency of this method, we utilize a mean-field knowledge and co_nsider
stochastic methods and explicit treatment of symmetries. Details of the
QMCD method are presented in Refs [3]-7].

To what extend the QMCD method can describe exact wavefunctions
is an important problem. We ha,\;'e examined the validity of the QMCD
method for the shell model calculations of the sd-shell nuclei where the
exact solutions are known. This has been reported in ref 5], and is not
reported here. Instead, we then proceed to full pf shell calculations, which is
a crossover region between the conventional shell model diagonalization and
the QMCD calculation. The largest calculation [8] which has been carried
out by the conventional shell model diagonalization is for *8Cr with the
KB3 interaction [9]. Figﬁre 1 shows the energies of several low-lying states
obtained by the QMCD method, conventional shell model diagonalization
[8], and the SMMC method [2]. In the results of con\}entional shell model
diagonalization, different dimensions mean the different truncation schemes:

The maximum number of particles allowed to jump from the f7, orbit to
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Figure 1: Energies of lowest three states of **Cr and **Fe plotted as a
function of the basis dimension. The results of the QMCD method are
plotted by lines, In the left figure, the results of the QMCD method are
compared to those of the exact and truncated shell model calculations. In
the right figure, the results of the QMCD method are compared to those
of the stochastic truncation method which are shown by symbols and lines.
The SMMC results are also shown by open square with an error bar.

‘the remaining ones, denoted t, is given in each truncation differently. In this

figure results for t=0,1,2,3.5 are shown as well as the exact result (i.e. t=8).
The SMMC result corresponds to the finite temperature T=0.5MeV, and
is plotted near the exact results since we cannot define the dimension for
the SMMC calculations. We can see that the QMCD method gives energies
with rather good quality by taking only 600 basis states.

Next we compare the QMCD method to other stochastic methods for
54Fe nuclei. Although there is no exact calculation for this nuclei, two
stochastic methods evaluated the ground state energy of **Fe nuclei with
the FPD6 interaction [10]. One is a method proposed by Horoi et al.[l]
They truncate the shell model basis based on the unperturbed energies of
the basis states and on the constancy of their spreading widths. Conse-

quently the JT dimensions of the order of a few times 108 are reduced to a
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few times 10%. The other is the SMMC method. As a realistic interaction
includes both good and bad parts for sign-problem, we need an extrapola-
tion method for extracting physical quantities. In this case, the estimated
ground state energy is shown within a certain error bar [2]. Note that the
QMCD method is free of sign-problem, it can handle any realistic interaction
without any problem. We also evaluate the same nuclei with the same inter-
action by the QMCD method. In the present calculation, the M-projected
QMCD basis is utilized [4]. Fig.1 shows the results of above three meth-
ods. As the lowest energy of the deformed Hatree Fock method in the same
shell model configuration is -167.622 MeV, above three methods are found
to include certain correlations for the ground state. However, in the view of
variation principle,.the QMCD method offers the best value among them.
Furthermore, one sees that the QMCD method can describe excited states
~too. Although we do not mention in this short article, we can evaluate the
B(E2), Q moment and so on.

In summary, we present the QMCD method, which is a diagonalization
method by the bases generated by the auxiliary field Monte Carlo method.
It is reported that the present QMCD method is superior to other stochas-
tic methods. The present method is useful for the large-scale shell model

calculations.
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7. QMD I X ARl B LT OB E D7
SLLLEERT . AR T, BARAIES, AL, ARt
1 B0 SRR vy — - NN O VRISV — T
2 BEHBAFE LR - THAVE BT
3 SR AHAR BT SRk

1 3BUSHI

BREECOMMENSEREA 4 Y ETORNVF T IS AvF—a v, BHREBRRODM. Hi
FEZ7IANOEEIIE s THECEETH S, IRBREPERLHETERLTIH FROBROLTS
MEE, BHEECTETEY 7A N ONTORTFEFSYLHE LT HDOTREV ALV ) BELS
RELIickor[l, 2 3 S RRECHMEOBIBEELRE 25t RROBFHP 5B, R
HoATR, BROR, BBE~N LT LERLE. oY LERORETHRIERERREOR,
BROBEERECEETH2a—F JIRITAR I EE LD ], T E o EIEE R OER (7 1]
%q@fﬂ;zA&Enk%<ﬁbofm5®fu&wﬁt§bﬂfw%c:nifmﬁﬁi%E¢¢ﬁ$
BEYEOBIE T, BEEEL RS, MR8 LV AEREST A v A E TR T
PR, BFHAZOL D 2BAECET 2 ARV HETHEFEYER P TEYH IR LAIES
Vi, Tok RETHEIGOBIBNY I 2 L— Y 3 ¥ T% % QMD(quantum molecular dynamics) ZBHHD
SR ITEAT 5. QMD % AV EER OB Peilert & [5] O OFB DA, I HILEHTHA 256
Lzl BAA VEIETO 7 IV Avs—Ya VICHEL-FREEORETH ). BRESLHPHTE
TOERBEE2DOTRIE, '

2 QMD IC&BEMEND IalL -3~

QMD(quantum molecular dynamics) {6, 7, 5, 8, 9, 10] X5 FELFI & AEEEOY Iab—Tav
@o%vﬁaa%éﬂfr<ﬁbnfwf FOFHEPIHL P L > TECRLEMATH L, Tads
TR S ORETE OEFESTHRE (11 LAFETH L, TR [10] © QMD ORELH O
T‘Eﬁﬁﬁ%ﬁvtbhhﬁU%T//Tw%mw%ﬁk\ﬁiﬁmﬁﬁﬁﬁﬁﬁﬁ%khtﬁﬁﬂm
DQMD L B2 oTWE, :

2.1 Quantum Molecular Dynamics

QMD?i”%®&ﬁ%ﬁ%ﬁﬁ1i®1#?&@@&®LFT£MT%

(r— R.)?

T= II(Q LJW4BX [ amRa Rl M
Itapuv%zwu%ang®¢u?%éo%@ﬁﬁ%§u$$%&—;—r/ﬁ&%?ﬁéﬂao
. 9H .  OH

Ri=5p T 7w @)

BEFEEEOY 3 1b-Y 2 vOBER 2B FEESTIP, 2 I TE2ETHRICDCTRABLE Y.

2.2 #RFROEHE

WIRA OB, BB VEFROFE Y ENERAGOTILBI L ). VRTERL cell AR
L. 20E 0B L 26 D cell 2 BE, ZORIIPLOLDLEALREON FEEL L, HLO
coll DETHE. BAD cell DR FEE D D cell DR F & DHBEAERIZL > THEET 5. FD D cell ORT
WA cell DRIFOEBNICIED ., 20, NI ZT L EERT AL F - —IETE 2 BHEEERE O,
DL, cell S ONIN T VRETOLIIIELCS 2:75\’(2:25?
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[Ti“‘ Z H(z)(R,-;Rj+Dce“, PP+ - (3)

N cell=1,
=1, N

1. D cell @E D WCH Uk T-HE O 26
MO cell #BL, celi FENZ V& D; &
T,

BB ORI LR b EH T cell OHBERD 2 HOES LEALT, 2REDARBRINEZ LT
2. ROREREIEESHECL ) K05, BEAEI. 205 Y €Y 7 Bllup, ur AV CUTOE

BHRAEB BRI DROIAVF - TIT A .
oH oH aH GH @

Ri:————- _— P, =-
5p, T FRR,’ 2R, T#Pp,’

23 NQURFTI v

NI DT IREE TRV —E L REEREIIT b, MEERCRSY UET VI BT,
s—a AT bR, '

H = Tiinetic + VPaui + Vauel + Veoul (5)

SR VY VRO FSTRMEET 455 0 12, R T4 phase space TETPLVWERLRTEE

ALEODTHhHL, BF v VIR S ALEDOE DR, /37 A—§ OPER T TIZR~/ER

BOYIZL—TavENTYURT YR ALDEDASTZT V2 i/ﬁhﬁmb‘%wL@1$W$—
HTIVIHADIHFILF—IIT 49 b Lz,

(Ri —R;)° (P —P;)*

Vi 1= - 8 T 60’ a5 6
Fauli = ”(E#I (QDPD)S [ 2q3 2p} T ®
Cp = 207 MeV, po = 120 MeV, go = 1.644 fm. %)
100 — T
I 1 2 7=VIHADHTRL) DI AVF—
80 exact Fermi gas . EHRIBEH., OAE QMD 12X 2ERBRO Y
L " E _ i Tal—2aryOEEIALF LT )RT
= 60| °  Ew T VIXNEBDEIAVE—,
=3
<
u
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2.4 AN

ﬁﬁ&jﬁ]i:ii Skyrme ¥ A 7 OMEVEA & . Symmetry K7 > ¥ v, BEEEKERTSRL2 LY
? Yukawa B EER OZTME LM I .

o 3
Voua = < pi >+ T < 4 >7
1 mzf ? (1+r)pa¥ g
C,
+5- > (1 =2lei — ;1) pij
po =
(l)ﬂ,](#") @
C 1 " Cex 1
+ 2::; Z 5 p7 P + 0 Z pp 2P (8)
ii(#) 1 4 [—;1—1] Li(#) 1+ [T-L]

J35 A—# 1 Symmetry FF ¥ ¥ v VIZFECE L, 2 OMIEHWEOBAMN (p = po TRARE T AL F—
16 MeV/u) &g vy 2k & BEERFE (AHEE m = 0.85m. RUBFARKICTOLZF
F U w VOEROAS T AVE — B (12]) OSENT 4y b)) POREL.

15 T T e [T T e T T T

o I I ® ]

10 F . K=210 MeV(soft)y IK =280 MeV(medium) ¥ K= 380 MeV(hard) © 3

E ® QMDno Coul(unifmy ~ + ® QMD no Coulunifmy T ® QMD no Coulunifm)

5 £9@ QMD no Coul 40 QMD no Coul 2O QMD no Coul s 3

N 3 i 3

= : L s ]
"o 1

S-a -5 J. 8 ¥, 8 _: ™ 3
Wy . 3

L
o
1 !
o
<
o
g
o
<
g g
o
o
o
I i

0
-15 £

_200:1.,.\...‘l..ul‘...ij.l:...‘l.,..|‘..,[u..l,.F-.,..|.;..|.,.‘i...il
0 05 10 15 2000 05 10 15 2000 05 10 15 20
P/ po P/ po P/ po
K 3. MBYHEOBMMMEOT v, ERL Soft(FFLMZTE K=210 MeV}),
Medium(K =280 MeV). Hard(K =380 MeV) ® 3 ME OB SIS T 2 B,
B —B T m0Ee0HEE (Z=4/2) PQMD ¥ Ialb—a ¥,
BRI FANVF—BELEI2MEBLQMD 32— a Y TRDOLD D,

LY LU o s e e B B S
Medium Parameter Set 4 .
4. FF v b OERBEETFE. Viwa?
EERMEE % UL Ulin EEIRIFKAE
IE% Ulocal b%( '.]':. ~ Ef&ﬁﬁﬁﬁbéﬁﬁfﬁ
y : N 2E. ERRFZTOMOE, ERVE
o ﬁ?yy?)V(V‘fﬂi)iﬁﬁ‘%@@ﬁ%&
), ALk EAAERE, 77 AL QMD
WO TR 7-fE, RISFEFFASE K = 280 -

50

i
H
T\

Unmet (MeV)

PR T T N NS O O I

-50 MeV DBEIZ2VTRLTHEAS, D2
+ QaMD Matter O@%ﬁ'%}ﬁ&‘ﬁﬂ l.:c
. :
100 P2 T N R R S RN SR N S S HD SN T G N S B N
4] 500 1000 1500 2000
Ei {MeV)
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S DHETRE LN TF A—FOEIRD L L% 5,

E1ABENDNRT A-F+Ly
Soft (=210 MeV) Medium (K=280 MeV) Hard (K=380 MeV)

o (MeV) —223 .56 ~92.86 —2121

4 (MeV) 298.78 169.28 97.93

r 1.16667 1.33333 1.66667
Cy (MeV) 25.0 25.0 25.0

c) (Mev) —958.54 —258.54 ~258.54
L8 (MeV) 375.6 375.6 375.6
s {(MeV) 2.35 2.35 2.35
gy (MeV) 0.4 0.4 0.4
L (fm?) 2.1 2.1 2.05

2.5 BEZOESIFILF—

PE®/SS A—F by F 2 HOT., FRZEOEEREY RO L L, BRI CORBYHEBTHFEZD
HBET AN —2HETLIENTED,

12 S AL
—10 -
= | ] .
S8 4 @5 ARBOHET AN T - WHPEE
2 i ECHRFIERONT A-F Ly PILD
> 6r 7 QMDFHOMR.
g 4 -~ —
] L —_ — K=210 MeV(soft) 1
a L] ———~ K=2B0 MeV(medium)
w2-r 3He #=380 MeV(hard)
0 L aal ! oaoa el

10 10°
Mass Number A

3 BMEOMECEE

3.1 MHAME

QMDKléﬁ%ﬁ%ﬁwi%W$—%%Ltwﬁm6f&§oE%E%Emam:wﬁ%&%Emﬁ
Uz, BATRELAOTHTFOERY HICEE LBE0I RV F— RERETHASL AV F—&
Br 54 2 HTREORETH D, BHEEL D bBEOBEDSE, —HIWHOL AL F— L RIET
L E—RIED T FF— F 2T—HT B, pp L DS ROERCRD EIFAAF O TNSEL, —fK
SRR VAT ) EAH 5 MeV b L AAF— KL LD, THEPEOEEY Lo
b, 2FAY—HEEL EEF LTS - RYDIET L0 TH L,
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15 .""l""l""l"'_’l"',.‘"'I""I""I"""‘l";'.,'"‘I""'I""T""I"'-‘
10 £ K =210 Mev(gofty  FK =200MeVimadium) I K= 380 MeVihard) & 3
F e GMDET2,unifm) T s stz unin T ow  CMOET 2, undim) ]
5 Lo QMDB1Z) J.8 oMDEe) 2Im OMD5IE) g
g 8 T+ OMDE0L8) T &
©» 0F a3+ A + 5
= 1. 1. B ]
L 5= & Ir & + e 3
8 F e P - = 8
W e » 8 It B + "
- @ I % T a g
roag ) T *g & T %3
-15 ¢ Bgh T .@@'& ¥ g gt
-0 b..;.1...;l....l\.,,t.L.:....l.‘..I....t...‘l{..::,...ll...f...;l‘.,.l‘.-.
00 05 10 15 2000 05 1.0 15 2000 05 1.0 1.5 2.0
plpo plpo plpo

K6 NEEWEOIRLE—, BEAK—RESHERE L HEOLANF—
T, FEA L 7S AN AL E - FEORBL KO0, REFTHEN 0
bt h—RAE LB AEELCY A, B BTH, BF-ETH. B8
Tl s -oyREARE ST, BTOERHI A V¥ —EAR Tz,

WREOEALI ) B RORECELE R LAWK 1 Th b, BES 0.8p &  ETRYHE—HRTAY
s B o R, B D EVIRE TS - LRENEN S, 02008 VBERECE—2—D2ORTHK
RN TV BARIC R A 5%, R LD EVWEE CREFER L W THRCHELBEEE T b,

1024/2048 p=1.0pg 1024/2048 p=0.8py - 1024/2048 p=0.6pg

1024/2048 p=0.1pg

R

7. NEEEOMED—F, ¥ LT, EFPEFERLL TV, TR
EEHS 1.0pg. 0.8p0y 0.6p9. 04pos 02000 0dpoe
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INFCOBREYEE LB (L, 2, 3] THRE &R TV B HRAIR AR TR v oid o8
DLABIEDY RIS THELREWA, PR BEERI LA TES. o3 ) LS
HEITWEVE R, BELEES L TvE 0k, BHETHV T IRTENE Z40% { CTHRROK
BrHEoTwhLBb LAV L, SRAETOREPEE L LR EREENE AV HRETRES
Wiy, 9FBNFECLAEORETHL 2 b Hh LW,

3.2 FEMFZYME

EETEMETESTRHAEY L oTE Y, ¥EWETHEL, A V¥ -GHEE 2 5B TFEEEER
BELENBL, BTOEBHI N E— 52 TR EOBICHBERE CI AN —REICE S
2, BFOERT AINF—FTEHLHEEGORICEFEEEL0.03 ~ 0.08 BETI I VF -2 REI
b, SO, R[4 TRESRTVREL BT 5,

EQS of Nuclear Matier with electron kinetic energy
20 T T T 50 T T T ;‘ P
.\q\ e p= t‘l}g Pe y
ok s e | % g Hs BWEOZANF—OFT
_ Ok EEREEN., ERETFOEHT
2 30 FUF - EELBETHES &
g 0 EEORE, 4 RETOERT *
} 20 ME—FTERLBE.
-10 10 =
e '

ZIA

S T
60 01 02 03 04 05

A

P PR PR EY S
00 01 02 03 04 05

FHTEWROBICEETOREOX & YR THERE THEY—- 2R EL 2, FHTHRTH
(79 R%—)DOFCILE D & LF—HEPFRFORBROFICRERTFESEPALL ) DBEIR L, Tl
AMF=—DZ ) v FDEFPLOERCL > T 3T ETERERCHFET s ETFRE VI HRICL (HUTS
DEEE, M9 CRBFEFAINIVERETOBNTE 2 FBTFEIKE { 2T ETORF R
(i o T HTFHRLNE, S

400/1024 p=0.1pg

100/1024 p=0.1p, 200/1024 p=0.1pg

39.35fm

9. witTAFEYEOREo—#l, /YU —4#ET, BATETFERLL T L,
BFEFRITALL S 100/1024, 20071024, 400/1024,
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4 FTEH

ft D QMDD X 2EHE, BRMASEERE T, HELFOEET TE 1 20RMA TR -#IT0
REAENTE, FIEELEREL LORESERE LS LTTOOIBERTH S,

T E I ERASTE RS A RE LR TER S LT 2 BEEL T oI —REF D FES
AW RADFECAENS, 7T LEEICKEZECENELA, BrRoE) LavwarEl o
Tvib,

LSk T ATA TR T 2048 M TH o4, LD TEEN K OME L BEORRICIE X
NELDRTHIVLETH S,

SE X
[1] D. G. Ravenhall, C. J. Pethick and J. R. Wilson, Phys. Rev. Lett. 27 (1983) 2066.
[2] M. Hashimoto, H. Seki and M. Yamada, Prog. Theor. Phys. 71 (1984) 320.
[3] R.D. Williams and S. E. Koonin, Nucl. Phys. A435 (1985) 844.
[4] C.P. Lorentz, D.l G. Ravenhall and C. J. Pethick, Phys. Rev. Lett. 25 (1993) 379.
| [5] G. Peilert, J. Randrup, H. Stocker and W. Greiner, Phys. Lett. B 260 (1991} 271.
[6] J. Aichelin and H. Stocker, Phys. Lett. B 176 (1986) 14.
[7] J. Aichelin, Phys. Rep. 202 (1991) 233; and references therein.

[8] G. Peilert, J. Konopka, H. Stoker, W. Greiner, M. Blann and M. G. Mustafa, Phys. Rev. C 46
(1992) 1457.

[9] T. Maruyama, A. Ono, A. Ohnishi and H. Horiuchi, Prog. Theor. Phys. 87 (1992) 1367,

[10] K. Niita, S. Chiba, T. Maruyama, T. Maruyama, H. Takada, T. Fukahori, Y. Nakahara and
A. Twamoto, Phys. Rev. C 52 (1995) 2620. '

[11] K. Niita, JAERI-Conf 96-009 (1996) 22.

[12] S. Hama, B. C. Clark, E. D. Cooper, H. S. Scherif and R. L. Mercer, Phys. Rev. C 41 (1990} 2737.
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8. BWARTERND Y —O SRR
BRI W BEAE AT BATZ

ZE

AR B BIT A BT AL F — 13 138keV LN SV LS, RIBROBTFIZEBIC
BT RSN LA 7o BE (N — i) 23 DL EZ LN TWVL, DL
BEASRO 7 — O YRR L TIERFRO EESNE Y RV ASEETH L. I, TH
Be &2 — B p OMGKENEEUCET 5 3 RILOFMKE Y 2 L7 1 ¥ = TR
AR CHEE L L. BEARBRBY I b—Y a3 VET ).

1. HEY

KEFEECIR, ST TCICERLTEAPEF N AT —BETFORFHICERTAZ &N
TELYIaL—YavWRTEHEN2 Y. BTAREEED LV RELATERICER L,
I RIS TEOOE - NABNEOBR I ESTHI L2 HNET 5,

OB TN 11— DIEIEAG RIS 25 2 5 8 (PR F U BOEG L OLE)

OB T AT =807 — 0y FBREEIT 5 ELE2 BIfEDOE S
O@%EmﬁwﬁmsE%%%?H@%%ﬁ@&mmyﬁmﬁﬁ%®ﬁﬁp-

OB BOBFANT—TH L EH L Vo 728B BONTHEIIMET -

0. Fi&
NI RO —BERECES L 0 —EiEE D OB TREE RO 7 -1 vy
MEREERD. |
A D#F IE R T A Be(Core) & N —BT (p) OAXHEBNCBT 5 3 KT DRFHAK
Balb—F 4y —FRBRNEIRDL )b,
d B2

i — — |- 2 — —
zhat\D(r, t) 2‘“‘7 +V(r) + Vo (7 )| U(r ) &

ZoHERIE, BBk b0 1V EORTFRERT vy v Vir) & RRIRTE T 60405
Vi (FOERB) C L A% )T CEBTAHEO RN - Tnb,

y— 1 VHE (BN RS ERRER L NEMNS I TR &b PRS- WWERBE €
NZILEL ik, E2 iR ICHFS T 5.

v (F 1‘) . ZCZT62 n ZI,ZT62 (Zc + Z;[,)ZTE2
exthf s - .y ~ = ~ = - =
oty T Hr(1)] |7«%cm—p?"— Ry(t)| |Rr(t)]
= Z B (r )Y, (7)
(v

' E-mail:kido@hadron01.tokai jaeri.go jp
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Na—FEFORBEF T vV V(r) ik

V(T) = sz(T) + ‘/couf(r)
I T
sz(T) - 1+€(1-7R)/a
Z 2
D (3R ") 0<r<R
V'couI(T) - ZZCeE
P R<r <o
7‘

ZFVTVD, (L. a=06fm, R =24 fm)
HEEKOBMBRBIIROBEEICLDFEITIND,

U(F ¢+ At) = e HOMA L o=Ven(FOAYRY (7 1)
BB L CE A R B
mﬂﬂzzﬂm%ﬂndﬂ

£m,
475 k. EROBEBRORZEFREEKw ST 2 2 REORHARRONCESE
TIENRTEL,

(1}
U (7,1 + ALY2) = upn (7, t) — AR DY B (r, ) {em|Y,, [€m Yupm (r,t)
Pt wy
- 1+ ho(r)At/2iR
_ + he(r)At 1
u;gm(i‘",t + At) = 1 hg(r)At/Qz'ﬁwm(r’t + Ai/Q)
=72 L.

wdE . RME+1)
/ hg(?") = —EF + —2}”:2— + V(T)
RO BEEERIEt » —0 LB A2ROMTH L, BTOERREL 0p REL
2y FEIALVFE-RBERTALICHEERT Yy VORT A8 (RE) TEATL

(Vo =46.5 MeV)

OfRE O
o ANEIHE DEIE R T, SIS R ERER T 5. (o b=12 fm THELAO ~ 8°)
o AEIHE — BRI OB O AAEH 7 — 1 YAREAER D 2.
(B L AMBEEHIEE L 2. )
b > 12 fm (A Y HZRER) 122V TH
o 5B Be ® 7 — O VRIZEET S .
fEF— HORERE T Yy VIEBERNARAE L 2 v,
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3 F5ER
BT = LT 1 v i — FRACE - mRESEOFHRC LD BT RERALEH
SB o 7 —u VARG

8B 4208 ph, 7 Be+p +2®Pb E=46.5MeV /nucleon

DRI % 4T - 72,
O B2 EDHFS

BT AT —AFU Be(\ T — T O ROV ¥ — 503keV) O 7 — 0 VRIS
WTIE. Bl BEFTEETH ) E2 BROGEISERTE 2T LM S0 & A LI OFAT
[12] Lo TVAh, FARK LT, BEVRBETFNT—HB 07— B YHRIIBVWTE
E2 B OFIRIIBERTEI 2V, (M)

ElRAORE 7 -0 vNEE LB AOBE: E1L 2 Na0mME% 7 -2 ot L
1B ORI BV 5 S EREFEOLER, L B2 EEO%HF 51

El +E2) - El s (E1 + E2) — E1
=9 7eZ % b=30fm T
BT B2 3%, fEZeFEEL b=30fm N

=11%

&R b1 26m T

Thsbds g b,
370, Loty (B WEMEBTOMETALF - ) 0= 7 ORERBe OBE
(E=72MeV /nucleon, b=12 fm, Target="%Pb) X ) b HV T AV F —FHIZHFET 5. '

O BIERHRIZDONT -

HYEFANT — O 7 — O VMRS B W THRROTM E ET O A AR OEEE
PEE TV D [34]. SB%. SBEERZH 0N, b0 —u Y ERITT
MESABETRIIESALVI L5 2B TOREEFE LD EEZL LN, ZORIRIT
HHNER L F (Post-Acceleration effect) EFHEN T 5 BFF OREEGZAFHED 7 —1
VAR BELTBY, T ABREBOEMEMENICEL HEE LTRSS
nTv5b,

5B — "Be + p RIGIZ BNTIZ, amm(% - 1)#.1‘ TBe(% _ %) L0 LEMES RR
FTnEELLND, FAOBTHENETICBWTD ., SREEOGFOREEDOFHELA
WA EEAME LIRS ((Be) DFN L) O RE LB EVIERTRHI. (H)

Bl B0 &% £ L2840k, IR L B 01 (AFHM) OEEEE
MR (ST L BRI O 2 Hi1R) [C BT 2 H B TRIE (k. =
0.062[fm ) WEWE E o 7225, E2FIEOMR O EOLB TR, FRIHECLL T
L brotz, '

EEEOHMFERIRAT Ly S E L TR OFEEED, O o BEET FELTA
7, E1RRIC & DM+ 25561203 . SR BN L ORERTIR TS b S SR
A EV, BI+E2 B2 L D AMRT 254 10k, ERROEBA RGBS (AL
ROGEOBWE T2 2R BRE T S AWMV EE T A HEOTH L Rad s,
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Energy Dist. of Break-up Prob.

Relative Momentum dist. (b=12fm)

1 T T T I T T T T ] T 1 T T T T T T l T Ll L T [ T T T T I l' T :l T
0.015 . 015 .. : Longitudinal
' ~ —— Dipote+Quadrupole - Dipole . T(::r?sverlgea L
i — Dipole IR | <ky> = 0.078 5 :
; - ——— Quadrupole 1 - <k =-0.068 . :
g 0.010 R Pay(Dipole+Quadrupole) = 0.064 -_| é 010 F Pey = 0.049 N ]
—_ L Pa(Dipole} =0.048 4 ¢ .l: .
% L Pau(Quadrupols) = 0.029 g < . i
= o [FERN . o i 8
T 0005 H N 41 T 005 F : .
~ 1 r | T
~ ! L ! .
"\\ _ L : 4
VT T N L 1 4
0‘000 1 1 L J 1 1 1 1 1 0'00 L 1 Il I d 1 1 I 1 1 1 = 1
[ T 1 T T 1 T 1 T L4 T T T T T i ._[ ) T L ] T 1 T 1 ' T 1 T T T 1 T T l—
00151 ~—— Dipole+Quadrupole - 018 Dipole+Quadrupole |
t —— Dipole ] [ > =0014 ]
—.; - —— Quadrupole 1 - ke =-0089 - .
% 0.010 - F'BU(DipoIe+Quadrupole}=0.0056: é 0.10 [ Pg; = 0.064 ! j
= L Pau{Dipcle) = 0.0080 4 L .
% L Pau{Quadrupole) =0.0011 | E 5 J
- - 1< - -
5 0.005 |- 1 005 y
0.000 B et Sy T G WY U N N TS T S i 0.00 i L n—'n’/ —ta Lol i
5 10 15 -1.0 -0.5 0.0 0.5 1.0
PR E [MeV] k [fm™'}
[1] T. Kido, K. Yabana, and Y. Suzuki, Phys. Rev. C50 (1994} R1276.
[2] T. Kido, K. Yabana, and Y. Suzuki, Phys. Rev. C53 (1996} 2296.
[3] K. Ieki et al., Phys. Rev. Lett. 70 (1993) 730.
(4] T. Nakamura et al,, Phys. Lett. B331 (1994} 296.
(5] T. Motobayashi et al., Phys. Rev. Lett. 73 (1994} 2680.
[6] T. Kikuchi et al., Phys. Lett. B391 (1997) 261.
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9. BRAREEE LY INVY—RIGREDY T ab—2a
H AT B 5ET MRS

1. FT®HIT

He-O VEEE L D RN T 3OV F—ER TEA A IR IAMA R (BTN —#
S 1. 1RO R RAETINS FTRISNE X DIIANCKERIHEZFED
EAOROAEMIADIZ NI &3, FNELE, BEAERY - HERHEMFEATINTE
7. TS OB TR OBY - BINESIEOS R, BLOE TR, JREME
HH A EORETY RN EDOH Y ) AL BB E LT TN v —REHHED
BRI NTE,

ATZIc BV TIIMA BR TR 28MEBEREER L L XTO > RIVETIV
M. B, BEUOHSHERONS WEA A OB 7N — O Wi A 0O S5 E %
BT DIt ENTHEIERRNBLE, TOEFII TR, KEEREIEEEZEHES
LEFFr v VNS, B/MEHOREBIZL > T LA EINZHMORRPRES N
4. (ZOBMSRBRICR-S LSRR T8NaEER] &L, RERETORFEIEE
R TERRASTE ) EXWIT A, ) JOMASRBIZRs AT v LRI (K2F
) KERIcE > TR REBEANRONS, ZOXIBRTF I yIWIH LU TR, il
WU TREBBREERETA I ENARETH S, TORDICARTIE, XML TH
WHRAREE 1 RITRT v L EOHEEREZRBPIZE> T I alb—ra
wLEBEAL.

2. Ialb—TaOME
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10. A WAY FOR SYNTHESIS OF SUPERHEAVY ELEMENTS

M. Ohta, Y. Aritomo, T. Wada, and Y. Abe*

Department of Physics, Konan University, Kobe 658, Japan
*YITP, Kyoto University, Kyoto 606-01, Japan

Abstract

Fusion-fission process in heavy systems are analyzed by Smoluchowski equation tak-
ing into account the temperature dependent shell correction energy. The evaporation
residue cross sections of superheavy elements have been shown to have an optimum
value at a certain temperature, due to the balance between the diffusibility for fusion
at high temperature and the restoration of the shell correction energy against fission
at low temperature. The essential element which realize an significant yield for the
(HL, 4-5n) reaction in superheavy mass region is found to be the characteristic time for
cooling by neutron evaporation. -

Introduction

Recent several years, new heavy elements have been synthesized by the so called cold
fusion reaction [1] in which the target of Pb or Bi isotopes near doubly magic nucleus are
bombarded by Ni or Fe isotopes, and the findings of the heaviest elements from 110 to
112 are reported with the cross section of several picobarns [2]. The cold fusion reaction
is aimed to obtain a high survival probability against fission, but it suffers a great loss of
fusion probability into compound nuclei. On the other hand, a symmetric target-projectile
combination can produce a rather cold heavy compound nucleus due to the interplay of the
potential barrier and the Q-value [3]. But it turned out that thereis a fusion hindrance, i.€., a
necessity of extra- push energy [4]. Therefore, also in those systems, there are the conflicting
requirements of high fusion probability and high survival probability. The purpose of the
present work, thus, is to find out an optimum condition compromising the two requirements
for synthesis of superheavy elements with massive target-projectile combinations 3, 6, 7].

Since there is no pocket around the spherical shape in the potential of the liquid drop
model, and thereby no barrier, there is no formula for fusion probability, neither for fission
decay probability of superheavy elements (remind that Bohr- Wheeler [8] as well as Kramers
[9] formulae are not valid for cases without barrier). Therefore, we have to employ a new
dynamical description at least for the early stage from the di-nucleus complex to the spherical
compound nucleus formation [5, 6] and for its decay before the temperature becomes low
enough for the barrier to appear. In this paper, we describe the whole process by dissipative
dynamics from the contact of two incident nuclei to the formation of the compound nucleus
as well as to the reseparation, namely, fission back into the symmetric fragments. From the
analysis of pre-fission neutrons and fragment kinetic energies, a strong dissipation comparabie
to one-body model is recommended [10], which permits us to use Smoluchowski equation for
fusion-fission dynamics as an approximation of Kramers or Langevin equation.

With this diffusion model, we can immediately expect that an optimum condition exists
for residue cross sections. Qualitatively, in formation process, higher temperature is favorable
due to large diffusibility into the compact configuration from the di-nucleus one at contact,
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while in decaying process, lower temperature is favored for larger residue probability because
of the higher fission barrier caused by the restored shell correction energy as well as smaller
diffusion coefficient. Therefore, a balance between the above two requirements give rise
to an optimum temperature or excitation energy of compound system for the synthesis of
superheavy clements. '
The position of the optimum energy crucially depends upon how fast the cooling due to
the neutron evaporation is. If the cooling is fast, so the restoration of the shell correction
energy is, and thus the fission barrier arises rapidly to prevent fission decay of the superheavy
compound nucleus. On the contrary, if it is slow, so the growth of the fission barrier due
to the restoration of the shell correction energy is, and thus the compound nucleus decays
through fission according to the barrier height at the initial temperature. In the former
case, the evaporation residue cross section is mainly controlled by the formation process,
namely higher temperature is preferable. In the latter case, it is mainly controlled by the
decaying process, namely lower temperature is preferable. The neutron evaporation width
is determined by the neutron separation energy. Thus, it is very interesting to investigate
the isotope dependence of the evaporation residue cross section in the present framework.

Formulation

The brief description for the formula used in the present calculation is given following
[5, 6, 7]. The evolution of the probability distribution P(xz,l;t) in the collective coordinate
space is assumed to follow Smoluchowski equation;

) 1 8 {BV(z,l;t)

EP(IJ;Q:E% o1

T 9
P(:z:,l,t)}-i—uﬁaIQP(:L,l,t). (1)
The coordinate z is defined as 7 = Ren — 370AY3 s0 that 2 = 0 corresponds to the spherical
shape, where R, denotes the separation distance between the center-of-mass of the nascent
fission fragments in the case of symmetric fission, A the mass number of the nucleus, and
ro =1.16 fm. The angular momentum of the system is expressed by [. Both the inertia
mass parameter ;¢ and the reduced friction § are assumed to be independent of the shape of
nucleus in the present calculations. The parameter p is taken to be the reduced mass for the
symmetric separation and 5 is 5x 10%'sec™! corresponding to the weakest value of one-body
dissipation in a series of shapes.

The time dependent potential energy curve appeared in Eq. (1) is defined as follows;

R +1)
21(x)

where [(z) is the moment of inertia of the rigid body at deformation z. Vpar and Vigen are the
potential energy of the finite range droplet model and the shell plus pairing correction energy
at T = 0, respectively. Both are calculated with the code developed by Moller (11]. The
potential energy curve along the minimum valley is calculated with the e-parametrization
(12]. The temperature dependent factor ®(t} in Eq. (2) is parametrized as;

3(t) = exp (—2(”) 3

following the work by Ignatyuk et al[14], where a denotes the level density parameter of
Téke and Swiatecki [15]. The shell-damping energy Ey is chosen as 20 MeV according to the

V(z,l;t) = Vpulz) + + Vineu({z)®(t), (2)
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above results. The cooling curve T(t) is calculated by the statistical model code SIMDEC
[13].

Concerning the initial condition, we assume that the kinetic energy of the relative motion
in the entrance channel dissipates completely just inside the contact distance. The initial
probability distribution P(z,l;t = 0) has a sharp Gaussian shape and is imposed at g =

1/3
Toomt — 0.5 Tm, where 2.0, is the contact distance evaluated as Teony = 219 (%) s 3 Al3,

The evaporation residue cross section is defined as the probability which is left inside the
fission barrier in the final stage of the cooling process and is proportional to the quantity
d(Ty, It} at t = oo;

ATy, 1) = / ™ p(z,1:1)dz. (4)
-0
Here, Ty is the initial temperature and 2,44 stands for the first saddle point. The evaporation
residue cross section ogy = X, o(HI, yn) is calculated as;

Opy = 71'7‘?,2 Z(?l =+ l)d(To, Lit= OC), (5)

2P"U-Ecm i

where pp denotes the reduced mass in the entrance channel and E.,, the incident center-of-
Mass energy.

Excitation function of the evaporation residue cross section

As an example of reactions forming the doubly closed superheavy nucleus, we consider
the reaction $#°La + }4°TL.a — 2%114. The time dependent feature of the probability d{T, ! =
10;¢) are plotted in Fig.1 for five different incident energies which correspond to Ty = 0.68,
0.79, 0.96, 1.11, and 1.24 MeV. Up to the time of around 30x10~*'sec, the probability
density in the region of the compact configuration is supplied by diffusion from the contact
region and its yield increases rapidly. But during that time, the main part of the probability
initially at zo has descended down the slope of the potential and thus, the supply ceases.
After t~30x 10~ %!sec, the probability density accumulated in the compact configuration area
diffuses back over the fission barrier arising from the restoration of the shell correction energy.
At low temperature such as Tp = 0.68 MeV, 60% of the correction energy is restored and
the fission barrier is about 6 MeV. Therefore, the fission width is very small and d(Tg, ;)
becomes flat quickly. On the contrary, in the case of Ty = 1.24 MeV, the restoration
takes time for being enough to prevent the system from fissioning, during which the yield
accumulated in the compact configuration area diffuses out rapidly as shown in Fig.1.

The height of the peak around 30x1072!sec is essentially determined by the diffusibility
into the compact configuration area, while the decrease from the peak value to the final
yield at te = 2000x107?!sec is determined by how fast the fission barrier glows enough
by the restoration of the shell correction energy. Thus, the final yield surviving in the
compacst configuration area is determined by the two factors; the diffusibility depending on
the temperature and the restoration of the shell correction energy.

" In terms of the obtained values of d{T,[; ), we can calculate the evaporation residue
cross section ogy with Eq. (5) for several friction parameters; 3 = 2.5 x 10% sec™, 5.0 x 10%
sec=!, and 7.5 x 10?2 sec™! [5]. The excitation function of opy for the "**La + **¥La — 29114
reaction is shown in Fig.2. The corresponding excitation energy to the Bass potential [16] is
indicated by the arrow and it should be emphasized that the optimum cross section can be
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realized fairly above the Bass barrier in this reaction system and thereby can be observed
experimentally.
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FIG. 1 The time evolution of the probabil- FIG. 2 The excitation function of the

ity density in the compact configuration re-
gion d(Tp,! = 10;t). The curves for five ini-
tial temperatures are plotted; Ty = 0.68 (short-
dashed), 0.79 {long-dashed), 0.96 (solid), 1.11
(dot-dashed), and 1.24 MeV (dot- dot-dashed).

evaporation residue cross section for 13%La
+ $49La — 28114 reaction calculated from
d(Ty, b teo)- Results for three wvalues of
reduced friction parameter F are plotted:
B = 2.5%x10% sec™? (circles), 5.0x10%! sec™?

(squares), and 7.5x10% sec™! (triangles). The
corresponding Bass potential barrier is indi-
cated by the arrow.

Isotope and Z dependence

It is commonly accepted that the use of neutron rich beam will enhance the evaporation
residue cross section of superheavy elements because of the large T',, /T’y ratio. The smailer
neutron separation energy accelerates the cooling by the neutron emission and enhances the
survival probability against fission due to the restoration of the shell correction energy.

We calculated the evaporation residue cross section for a series of Z = 114 isotopes [rom
N = 176 to 184. We used different cooling curves for each isotope while we neglect the
isotope dependence of the energy surface. Figure 3 shows the calculated evaporation residue
cross section for joo TSI MBMDISINT 5 ,200,294.296.298] 14 reactions as functions of
initial excitation energy. The isotope dependence of evaporation residue cross section is
found to be very strong.

The theoretical neutron separation energies averaged over 4 neutron emissions (£,) for
the corresponding composite systems, 290:204296:298114 are 7.0, 6.0, 5.5, and 5.0 MeV, re-
spectively. The cooling curves for these isotopes are shown in Fig.4. It can be seen that the
beil shape structure of the excitation function disappears when the neutron binding energy
becomes greater than 7.0 MeV. The average neutron separation energy in shown in Fig.5.
We can see that the cold fusion and the hot fusion may be separated in this plane by the
contours line of 6 or 7 MeV.

A systematic calculation of the evaporation residue cross sections to form the compound
nucleus with the atomic number from Z = 102 to Z = 114 through symmetric entrance
channel for 3 = 5.0x10?'sec™! are shown in Fig.6, where the neutron number of the com-
pound micleus is selected so that the average neutron separation enecrgy becomes about 5
MeV. This means that the cooling curves in these systems are similar each other. We can see
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that the evaporation residue cross sections decrease as the atomic number of the compound
nucleus increases. It is prominent, however, that the enhancement around E, ~ 25 MeV 1n
Z =114 becomes to be distinguished, where the yield of the cross section is reduced up to
the pico barns order. This visible enhancement is coming from the strong shell correction
energy around the nucleus with Z = 114.

103 T T T E 30 F_| T 7T T | T 1 1 T 1 T T 1 11 ] T T 1 I_
1 E 5
£ 10’ 1 ~BR™ ]
2 10° ] AN :
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E,(MeV) time ( 10%' sec )

FIG. 3 The isotope dependence of the excita- FIG. 4 The cooling curve calculated by the
tion function of the evaporation residue cross  code SIMDEC [13].
section for Z == 114. Figures denote neutron

numbers.
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FIG. 5 The average neutron separation en- FIG. 6 The excitation function of the evap-
ergy. The cold fusion is only possible for the  oration residue cross section that forms the
experiment of GSI because of the large neutron  compound nucleus from Z = 102 to Z = 114
reseparation energy. through symmetric entrance channel.
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Summary

A diffusion model which takes into account dynamical evolution of a distribution includ-
ing statistical fluctuations in the deformation parameter space is shown to be a necessary
and appropriate way to describe fusion-fission process for systems without, as well as with,
pocket. With the model, it is shown for the synthesis of superheavy elements that there
exists the optimum temperature or the excitation energy of compound system due to the
halance between the diffusibility for fusion and the restoration of the shell correction energy
against fission. Roughly speaking, the optimum temperature is around the restoration tem-
perature of the shell correction energy. The absolute value of the cross section, of course,
depends on the friction coefficient y = uf as well as the initial condition, etc. It is confirmed
quantitatively that the separation energy of neutron affects the characteristic time of the
cooling, therefore the formation of neutron rich composite system is called for decisively in
the synthesis of superheavy elements. To get an appreciable vield for the evaporation residue
cross section the in hot fusion, the neutron separation energy of the composite system should
be less than ~ 6 MeV, i.e. a neutron rich system is called for.
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3. Cep-Ar¥tHED L 32— a ¥

BT b AL Cop- Al HEZED AR A A ¥ TR NF — B = 80keV TOHEER [2] 2 BFHII,
AR AE Kohn-Sham ARz AW slBEEiT o7z, HE D20, Cee® 240 fH O D
35 GOEDSA BT DA o CooPBFHEIIHROY =) 7 BT, A7
AEEF YU w VR EREE B S LD SHIIE R B TRT v v v ENIIL
TV B, CoDEEREX MMRE S L, EHE#H A4 Y ONG0L L TOBRTOH
H‘J:Hféza)?‘/‘ A,
IR L0, SEOERELN B TEESA RN T I VAT YR RRT Y
S L Th b, BF v LORIIH L Ay v apEBSEICH NI AY 2 THY,
AL A BEIZ06A Thod, A4 kb r—ury3 ik, CellibsRTryib
DA TN EF VL VIS Db, JORMEFBTSENETRITORI 28T
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PRTENG, 0L I EFORIFVIE, HABBEFEHTHLNLLOL WY L5, B
i, EBF O ke E &b, HUREBEREE - o bEr Ty, FOBRBOFIEL RS
ALY BEERTT o Ty 4,

4. FE o

BT TSR, # L TF OERRE - EEMFEIETZOEE - JUSIE Tikk
L. AAQETHOETER. B4 o EHEra R T AEENTEL o Tnd, A2, [
BOBEY . BAIC Lo TIRE-EAL L TOEEE - ILEHECEHL T ., BT
Tt L. PSR ASEEE LM EGE IR AN A L ICEM I L TRE R I
BHTHWLO L, BFOHIERICHT A FASEROBEMR XL ZRo Ty
L, FLT. NFOVEHZESEY, 7o VI T VBRI TR CELL L, BTARD
R WO LE S RFENOEEFSH L EEZ T b,
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14, Incident Energy Dependence of the Transverse Flow
: from SIS/GSI to SPS/CERN
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Abstract

BUU EF L&A HWT, 70—0OFY — AL ZLE—REST T~ B, ADFEY
BofhBEEEEICRENI Edtbh o,

1 LIS (ZA—DESLEEIHHED)

BT ALY 'L v EEO—DOOH NI, £ERE T quark gluon plasma{QGP) Z1ED |
FOWMLEMAZILE THbE, BIIHQCGP DI FF VI BLE V) ZEIIHLT, &
NTCEALBRVELENTVS, TTL 7 I L TIERELRBGHFLTZRTVT, it
HWEFVZLE, JU—OARESiE, 3 LQCP AMERSMEZ T O — %50 5 HHIZE)
X (softening of the EOS). 6AGeV/c OfHET, BE&/MEIZZA L FEINTVS (L, 8.
L7#55 Ty QP HERD Y 7T e LTO7 O — D AF LA L F— AR 2 FAENT 20
LT EIFFFECEERRED DO TH D, £ EOS Collaboration(E895,E866) [2] 2 &
N, 7U—DEI A V- ALALF—HFY72Y) 400MeV/c %5 10GeV/c T THl A FEA
FhbnTwT, #0083 T TUERESARIN TV A,

—Jj. N ROy 7 E%E (Hadronic cascade, BUU, QMD) 12 X 4 2N T TORF%
BT LAITHb, 777 7 T AV—7ik, RQMD(relativistic quantum molecular
dynamics) [3] Z VT, AutAuHRO L) ZEEBFRECRTR 7 0-2FETLH LT
S, EBTHIFL 7T —IFHEINTD, $72, B.AL, CM.Ko @ ART(A relativistic
transport) model [4] {2 & LEMETIR, 7O —ILTART Iy VOBBIIREC, A
r— FEHEIICHSNTBUU QIR 87 0= 2 REVEWI FE LTV A,

NFOZyyH A — FitEe, QMDEIETIH, 8 EAA. QP ZREL TR VD
T, FROOFETIE, 70— DAFIANFARFEEICEFRMEEA L L [5, 6] L
L. INETOBUL/QMD STE TR, Ty OB EHETOFEGE ML & L2EHE
THN DTN HFEETLHEEIOEME R b Ly, Sl d, =l F =745+
S, AutAu B ED L) ICRE LR TR, BT ONBIRE, £ I, TIPS AL
L7 (A matter) 35T X TR AMEERARE SN TVD [Tl NFIZy ZEEERO
BAAT, FLy OTFHEEERTHANLOEERETH L, £2T, bbid 7TV O¥EHY
L0, BUUDFENED LY IIEL TR HET 4
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2 NFOZvy7&%EE — BUU - collision term and po-
tentials
AHE W2 BUU B 5L OFZE & o4 27y PALTHIT 6, £9, AGS L
FVF— (~ 10AGeV) I, 73 F VIS 2 OHEEREOBERIZH L DT, HERKEL
BhiR AR L KRB O EEIREE A T T Y S LA MY YRR R RIT L 5
Vi, B TR, HERES ALV, AN VP LORETOARILEBET L. 24
oIS T DL IR T I T EELS.

e Resonace excitation:
N+Nos NEHAC), A +A(5), N +N°

¢ string excitation:
N + N — string + string, N + siring

¢ s-channel scattering for M-B:

M+B—R R=N.A(

I I T. N F Y RIBRAEIL . 2GeV/c2E TOA™ N* & TR TEE LWL, ZORETRIE
Ar TOF 7y ECOEREY 74y F L7, IREODEEE. Lund Y V=712 05
Fritiof model [9] & ML AEEZDHY. A M) Y7 D777 A7 ayid, AMOR(Artru-
Vennessier Off-shell Rosonance model) [10] {2 L7245 T#® 5. AMOR TiZ, A MU 7
DYWL didr CEREITALRELEFATH S, 2T, dFA M)V TDORS
G driiEETH L, COL D REFLT, TEBRO/L F UEER, ) FCEREEBS

TE5h.
A OFHEE, Skyrme potential

L@@):a(%)+ﬁ(ﬁ)w (1)

AHVA. ADTHBOBY VR TE L PRI,

U= brﬂucf + DTA + brresonance-; (2)
2T, U =apg + bpl, B = nucl, A, resonance... 5V,

U=uag {apbary + ﬁpzary} (5)

ZIT, pba?"ybizi\u j‘ :/%:E%i% [/\ Phary = Prucl + pa + fress & k“i)i%‘i Bhéﬁ§ > D
HETH, Eq.(3) DHEFE I aald, ADEF Vv VDR EPEWET, 30MeV 127424
AT 11 B, EF vy VOERIL, €Oy vOU—LV Y AT~ TH o7
LoD,
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Rapidity distribution in Si+Al collsien at 14.6AGeV/c 10
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Bl 1: Proton and #* rapidity distributions for central 14.6AGeV/c Si+Al collision with
experimental data of E802.
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2: The ratio of particle to baryon number for Au+Au at impactparameter b=4fm. Lett
window corresponds to the case of incident energy 1AGeV and righ for 10AGeV.

3 HBR

B, BAODTFUVREBREXBRL WAL F v 7 L, KENIIRKEOS A F 3y
Y A%RHIFLELTVDLDPEED BT Si{14.6AGeV/c)+ALIIB T L, BTFESMFT DT
EF 45 4 =ik EBRE S A E K 1R, A A EBTOIY T 17 4 A
B CEBEYEHLTCWT, ANFOZ v 2 Ay~ FIBTEAS 4+ VEHEORITI LS
BB TXHZ bbb,

KAz, S VHIEBRER T O I/ LT ED L) LRSS LA, AFTTALF—
DEHE LT, EOL) ICHBREDOSAIEDLPE BL 20, HBRBOSA 2 FHHE
L7z, ' |

B 202, AudAu GBI L, 234 HIBIRTE, AR (BHII/31F V) DR
2B OB E LT, #HF1. 1AGeV & 10AGeV DA% BUU THE L2 0%
FLTWwA, T/, N A VEBREOREREBLTWAVALRIALF—T 72y bLZD
. E3THb, AFIAVF—A1AGeV OBAE., BHTH 10%43) o+ Y HEIREEIC
o TWAHD, 10AGeV OFEIE, 4A0%FHLBIREBIIFE L TWAZ Fbh b, 1 /37
FoXT A —F Y o BB, FEHFEOESIE, FoLl s 5, Giessen 7 b — 7
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BUU soft b=4fm
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X 3: Time evolution of the relative abundance of baryon resonances for Au+Au at b=4fm.

BUU soft Au+Aub = 4fm

BUU Hard Au+Aub = 4fm
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[ 4: Left windows shows the transverse momentum distribution for Au+Au b=4fm collsion
with hard EOS, right with soft EOS.

X 1AGeV T, ARF Y v VOREEHBEDN DY (1], 20MREBHE N %
WERBELTWS, LB LEMND, 10AGeV Tit, HPIIRFH S & FRINSL,

Transverse flow [ 47C. MV IREE SR (Hard EOS) &S W IREE A (soft EOS) %
B ARF YA NTEELLERE TR L Hard D F I, TALVF-E XD, <p; >
Bk X DA, Soft DFIE. 3AGeV AP THAILTWwa LI ICRZ L. BaLDERIZL
BE. BAIALE—TTO—E —FI o TWh V) H§EFSH L DT, Hard 13EHE
FELTWA, 7275, BHEEKFESEA - TORVRT VI3 Vo 72858, 1AGeV L
T, BGREEFER A S BT A—F—DEIFERETERT L, L2F-T, X
I iR T, BEIERER T VY VEHWIGETEE LRl R b v,

B0 542 AutAn DA D directed transverse flow T ¥ — LLANVF-OEHE LT, 7
My kL7, Soft BoS 11k, T DFEF I v A WALETE T, Soft EoS 2, 7%
FAOROEEEDRTF VY v LAY O LEETH L, B, BTy Yy L ORER
b o e BNERTIHIAS, Soft EoS 2 OEFE/N3 vy, —H7 — RN TA o TWAH AT
Hd .
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5: The directed transverse flow as a function of incident energy
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15. Nuclear Multifragmentation Experiment at the KEK 12 GeV PS:
(The first results of the KEK-PS E337 Experiment)

K. H. Tanaka®, Y. Yamanoi, M. Haseno', Y. Tanaka!, Y. Okuma?, Y. Sugaya®, F. Kosuge?,
Y. Shibata?, K. Nakai*, Y. Inotani®, H. Ochiishi®, S. Morinobu® R. Muramatsu®,
J. Murata®, K. Yasuda® and T. Murakami®
(E337 Collaboration}

KEK, National Laboratory for high Energy Physics, Tsukuba, 305, Japan
INagasaki Institute for Applied Science, Nagasaki, 851-01, Japan
2pstitute of Physics, Tsukuba University, Tsukuba, 305, Japan
3Faculty of Technology, Tokyo University of Agriculture and Technology, Koganei, 184,
Japan
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SFaculty of Science, Kyushu University, Fukuoka, 812-81, Japan
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A KEK-PS Experiment E337 “Angular correlation of intermediate mass fragments
emitted from the target multifragmentation reactions with 12 GeV protons” is an extension
of the E288 which we performed a few years ago. The E288 revealed that the proton-induced
target multifragmentation (TMF) reactions at 12 GeV showed quite interesting phenomena’
such as 70° peaking angular distributions for intermediate mass fragments (IMF; Z>3). In
order to understand the phenomena we planed to measure detailed angular correlations
among several IMFs and multiplicity-gated angular distributions of IMFs in the E337. For
this purpose we have developed a new large acceptance Bragg Curve Counter (BCC?) array,
which consists of 25 BCCs enclosed in one gas volume and can -cover nearly 13% of entire
solid angle. Additional 12 BCCs is prepared in the common horizontal plane which included
the target in order to measure the accurate angular distribution (see Fig. 1). In total the
BCC system can cover about 20% of 47.

In December, 1995, the test experiment with 12 GeV protons was started at KEK
using this newly constructed counter array of 37 BCCs. The beam line used was EP1-B
line, which was also newly constructed exclusively for the primary beam experiments. The
intensity of primary proton beam focused on the target was about 4x10%/spill with the spot
size of approximately 5 mm in diameter. The typical thickness of targets used was about
500 pg/cm?. The data were taken under the minimum bias condition, i.e. a sum of 37
self triggers from individual BCC. A newly developed data taking system consisted of the
68EC030 Auxiliary Crate Controller and the VME on-board Sparc 5CE computer enabled
us to treat such a large number of triggers as about more than 2000 per sec. The main
production experiment was performed in April and May in 1996 after debugging the new
counter system and DAQ system, as well as EP1-B beam line. Data with Au, Tm, Sm and
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Ag targets were successfully accumulated. Now the date are in the analysis stage. Several
interesting features of high energy nuclear reactions have already been seen. Typical Bragg
peak (charge of particles) vs. kinetic energy scatter plots of IMFs obtained by one of the
37 BCCs are shown in Fig. 2. It can be clearly seen that heavier IMFs can be produced in
heavier target reactions. Preliminary results of angular correlations of IMF's as well as energy
spectra, a charge distribution, angular distributions of IMFs with and without multiplicity
gate were presented in the 4-th Symposium on Simulation of Hadronic Many-Bedy System.
Final results will be published soon.
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Fig. 1; E337 setup. Vertical (left) and horizontal (right) views.
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Bragg Peak vs Energy Plots for Various Targets
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Au,Tm, Sm and Ag(p,X) reaction at E,=12 GeV obtained by one of 371 BCCs.
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16. Freeze Out Temperature on Light Projectile Induced Reaction
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Nuclear temperature was deduced for 12GeV proton induced target multi-fragmentation reactions
on Au,Tm,Sm, Ag targets. Using isotope yield ratios, clear target mass dependence was obtained
for high-multiplicity events. Deduced temperatures for light targets have higher value than those
for heavy targets.

Over the past few decades a considerable number of studies have been made on extracting nuclear temperatures
from experimental data of intermediate or relativistic energy heavy ion collisions. The main aim of the temperature
measurement is a search for a signal of nuclear liquid gas phase transition [1,20-23]. Although temperature extraction
using slope of energy spectra has been an object of study for a long time, usually they showed much higher temperatures
than expected. Is is mainly because dynamical effects exist [8-17]. To avoid the difficulty, relative populations of
excited states were used. However this method was experimentally hard to determine the yield of the excited states
[13-19]. Isotope yield ratio has been recently brought to light by the determination of the “caloric curve” [1]. One
advantage of this method is the simplicity. Isotope temperature, as a probe for a chemical freeze out temperature,
can be obtained only by calculating isotope yield ratios [2-5]. This paper is intended as an investigation of deducing
geometrical temperature distribution in light particle induced reactions by means of isotope temperature method.

The experiment (KEK-PS E337) was performed at a newly constructed EP1-B prunary beam line of the KEK-PS
with 12GeV proton beam. Four targets (Au,Tm,Sm,Ag) were used. The aim of £337 was to detect IMFs and collect
information about the excitation mechanism of high-temperature nuclear matter with small compression system.
IMFs emitted from the targets were detected by Bragg Curve Counters {BCCs) for 3 < Z < 30, and determined their
charge numbers, kinetic energies and ranges in the counter gas [24,25].

There were 37 BCC-channels surrounding the foil targets. Total acceptance of the counters was about 20% of 4.
Aiming to measure angular distributions and in-plane correlations, 12 BCC-channels were located within a horizontal
plane from 30° to 150° in laboratory angles at step of 20°. In order to collect information about cut-of-plane correlation
and IMF multiplicity, a large cone-type BCC which had 25 channels were located above the target.

IMFs make their loci in Bragg peak-energy-range plot. The loci are separated from each other with the distance
about 9¢ in Bragg peak. The excellent Bragg peak resolution split the loci of light fragments (£ < 4) according to
their mass difference. In our experiment, SLifLi,SLi,QLz',?Be,gBe,loBe fragments can be separated from each other
in range-energy plot. In order to estimate the total yield of each fragments, function forms of moving source model
are used for fitting the energy spectra. Some of fitting parameters were fixed to adequate values. It is because the
dynamic range of kinetic energy is not wide enough to make complete fitting.

It is necessary to explain the procedure of isotope temperature. According to simple classical statistical dynamics,

all single ratio R can be expressed as below [2].

AB;
R: = plpphipaiezp T’

(1)

where B, is the -th single ratio, and pyr, pnr are free proton and free neutron densities in nucleons and fragments
mixed ideal gas of equilibrium temperature 7. The index n,& means m = Z; — Zs and & = (A ~ Z1) — (As — Z2).

*Present address: Nippon Telegraph and Telephone Corporation (NTT)
" Present address: Institute for Nuclear Study, University of Tokyo
!Present address: Research Center for Nuclear Physics (RCNP},Osaka University
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Here A;, Z; indicate mass number and charge number of j-th particle. AB; is binding energy differences between and
the factor @ means a; = (/\TN/Q)AI‘M(AI/AQ)B/?u(Al, Z1)/w(As, Zo). Here Mgy, is the thermal nucleon wave-length.
Internal partition function w = 3 .(2s; + Dezp(E;/T) of the fragment (A4, Z) will contain all known y-unstable states
in the following calculations, where s; and E; are spins and energles of j-th states.

Three unknown quantity T, ppr and p.p can be extracted from three single ratios. By selecting single ratios which
have AZ = Zy — 7y = 0, we can get only two quantity, T and p,F using two single ratios. It is because n; = 0 for all
R; with AZ = 0. The condition AZ = 0 is indispensable to systematic error reduction. There are 377 combinations
which can deduce 7' and 36 of them satisfy AZ = 0. In this restriction, T can be written as below.

T= 3" aiAB/in I1 (Rifas)™ (2a)

i=1,2 i=1,2

where a1 = £2,an = —&;. or simply
B
= (@) @)
Because of the exponential function form of Eq.2b, |dR/dT)| shows small value for large B. So,the ratio which has

large B should produce relatively small temperature fluctuations. 8 ratios has been selected due to their large B from
the ratios of AZ = 0. Finally we selected one ratio to be used as a thermometer in this paper as below.

_ Y(L)PY("Be)

T Y{7Li)3Y (1°Be) 3

R

This ratio has the smallest statistical error in the 8 selected ratios.

R should be corrected because of sequential decay effects, and the corrected ratio can be simply written as Reop = K2
[3]. We compare corrected temperature for FNAL inclusive experiment (80 GeV/cp + Xe, Teqp = 3.9 £ 0.4 MeV (3]
for 76° counter [7]) and the mean temperature of all targets (T = 3.08 + 0.20 MeV for multiplicity = 1, 70° counter).
It is because the caleulated temperatures have small target mass dependence for low multiplicity events detected by
side-ward BCC channels. Then we got x = 0.235 £ 0.168 using following relation, 1/T = 1/Teot + Ink/B. Using
R..i instead of R, Eq.2b are calculated numerically. If w account only their ground states, Eq.2b gives T directly.
Considering all known +-unstable states, Eq.2b must be solved numerically. Corrected temperatures obtained for in-
plane BCC channels are shown in Fig.3 as a function of laboratory angles with IMF multiplicity selection for all targets.

Independent to multiplicity, side-ward channels show nearly constant temperatures as a function of angles. Although

clear target mass dependences can be seen for high multiplicity events, side-ward channels for low multiplicity events
show small target mass dependences. High multiplicity events show higher temperatures than low multiplicity events
for almost all channels and targets.

High multiplicity events should have large centrality on the collision. So they are natural to show high temperatures
than low multiplicity events. The jump between multiplicity = 2 and 3 have been observed already in Fig.2 for single
ratios. In Fig.3, we can find strong target mass dependence for only high multiplicity events. Low multiplicity events
should also have strong target mass dependences as seen in single ratios. The information about the target mass
dependence for low multiplicity events have been lost in the process of calculating muiti-ratios. It is because the
single ratio Y (3Li)/Y (7 Li) has opposite target mass dependence for low multiplicity events.

The anisotropic distributions imply the chemical freeze out had been established before the total remnant reached
to thermal equilibrium. What must be noticed is that even forward channels show high temperatures as well as
backward channels. One explanation may be that, this is the trace of fire ball which penetrate the target nuclei with
projectile [26]. On this assumption, energy should be deposited in proportion to the path length of the fire ball region,
that is, diameter of the target nuclei. If the deposited energy diffused in the target nuclei, the energy density can be

roughly written as below.

9rg AL/

x 4
4TriA.f3 — TrdZQTQA;L'Ia *)

here A, is the target mass number and dis the radius of penetrated columnar region, which must be almost independent
to the target mass. The denominator of Fq.4 means the volume of the remnant. g is normal nuclear radius. We
should not forget that Eq.4 has only first-order reliability, because they regard the temperature distribution in the
rernant as isotropic. Now we should consider the relation between energy and temperature. It is well known that
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T = EM? in normal nuclear matter. But as be seen in “caloric curve [1}”, T is nearly constant during the mixed
phase and 7'« E in gas phase on liquid-gas phase transition. So here we put the “phase index” parameter ¢ and
use the relation T o< E¢ with Eq.4 to fit the results of target mass dependence for high multiplicity events. Obtained
value of d and ¢ are plotted in Fig.4 and they are almost constant around d ~ 3rg and o ~ 1. The mean value of d
is (3.17 £0.15)ry. It seems a bit large comparing to the target radius especially for Ag target. It must be noted that
we regard the “tunnel” as column in the volume estimation. So adequate radius should be somewhat smaller. The
phase index parameter ¢ have their mean value 1.06 & 0.015. This is a clear evidence for the fact that they are in
nuclear gas phase. We should notice that the isotope temperature method suppose the free nucleons and fragments
mixed ideal gas as the system. According to this assumption, we may not use isotope temperature as a probe for
complete free nucleon gas. So if we use isotope temperature, “gas phase” should be defined as phase index equal to
1. To determine the real temperature of such nucleon gas which existed before the chemical freeze out, further efforts
are needed. ‘

There is a further point which needs to be mentioned. The starting assumption of the tunnel formation is the
anisotropy in the angular distribution of temperature. On the other hand, we cannot find such anisotropy for the
temperature distribution obtained by another combination of ratios. They have large error bars compared to those
of the selected combination, and we can say nothing about the angular distributions using such another ratios. Even
we can regard the anisotropy as denominations, good agreement with Eq.4 will support the assumption.

In summary, we have studied isotope yield ratios resulting from 12 GeV proton induced target multi-fragmentation
reactions. Observed isotope yield ratios show a strong linear correlation with target mass numbers. Isotope tempera-
tures were derived from the yield ratios. Sequential decay effects and the influence of y-unstable states to the partition
functions has been considered. Strong target mass dependence has been observed for both temperatures and single
ratios. Tt can be explained that the deposited energy diffused in the remnant when chemical freeze out established.
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FIG. 1. Isotope separation using BCC. The loci of Li and Be are split according to their mass differences.
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Time evolution of hadronic resonance matter in ultrarelativistic nucleus-nucleus collisions are

studied in the framework of cascade models. We investigate the role of higher baryonic resonances

during the time evclution of hot and dense hadronic matter at AGS energies. Although final hadronic
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19. Clustering effect of 12C fragmentation in p + C, a + 2¢ and
4N 4+ 2C reactions

Hircki Takemoto, Hisashi Horiuchi
Department of Physics, Kyoto University, Kyoto 606-01, Japan

Akira Ono
Department of Physics, Tohokw University, Sendai 980- 77, Japan

In general, self-conjugate 4n-nuclei have anomalous excited states with the excitation
energy 10—15 MeV, which are recognized to be generated by the change of the structure
from the shell-model-like one into the cluster one due to the activation of the clustering
degrees of freedom [1]. In '2C case these anomalous levels, 0F at 7.65 MeV and 23 at 10.3
MeV, have been recognized to have 3« structure. Since the excitation energies of these levels
are usually near or above the threshold of the breakup into constituent clusters, it is natural
that the clustering effect is expected to play an important role in heavy ion reactions.

We analyze p + 2C at 53MeV, a + '2C at 22.5 MeV/u and "N + ¥C at 35 MeV/u
reactions using antisymmetrized molecular dynamics (AMD) to investigate the activation of
alpha-cluster degrees of freedom in 12 fragmentation by various projectile reactions.

The formalism of AMD was described in detail in Ref. [2], and only the outline of AMD
is explained below. In AMD, the wave function of A-nucleon system i®) is described by a
Slater determinant

1 :
|®) = ﬁdet Lo ()] (1)
where
i = bzXes (=D 1,0 Ln 1, L), (2)
(2w d Z.\’ 1o | 3
¢z,~—(?) exp ﬁu_r—ﬁ +§i . (3)

Yo, and ¢z, represent the spin-isospin wave function and the spatial wave function of the i-th
single particle described by the Gaussian form, respectively. v is the width parameter which
is independent of time and in the following calculations v = 0.16 fm~2. Z = {Z;} represent
the positions of the centers of Gaussians. Thus A-body wave function |®) is parameterized
by Z. The time development of Z is determined by the time dependent variational principle
which leads to the following equation of motien for Z,

. d IH
?,h; Ciajr&%er = 8—25: and C.C., (4)
32
S S — )y,
Cuor = 5705708 D) (5)

where o, 7 = z,y, 2 and H is the expectation value of Hamiltonian H.
~ When we apply AMD to heavy ion reactions, nucleon-nucleon collision processes should
be included. In AMD, as is made in QMD, they scatter stochastically when the spatial
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distance between two nucleons is small. But due to the effect of antisymmetrization the
centers of Gaussians Z don’t always have the meaning as the positions and momenta of
nucleons. So we have to transform coordinates Z to the physical coordinates W = {W;}
which can be interpreted as the positions and momenta of aucleons

w200,
where

Qi = log (2(2)|2(Z)) - (7)

o4
0(Z; - Zy)
In AMD we treat fermionic nature of nucleons exactly, because the wave function of A-body
system is antisymmetrized by a Slater determinant. Hence Pauli principle has been fully
incorporated in AMD.

We calculate the time deveiopment of the system with AMD till a certain time ¢ =
t,.. when the produced fragments are thermally equilibrated. At this time many excited
fragments exist, and these thermally equilibrated fragments evaporate particles or v ray with
a long time scale. We calculate the evaporation process after t,, by multi-step statistical
decay code [3] which is similar to the code of Piithlhofer [4]. In this paper we call the process
before t,, “the dynamical process” and the one after ¢,, “the statistical decay process”.

Tt should be noted that the AMD method is very well suited for this kind of study, because
AMD describes the time development of the system wave function and, hence, it can describe
quantum mechanical features such as shell effects and cluster degrees of freedom.

Recently we investigated the difference between ‘2C and N fragmentation in N + 2C
reaction at 35 MeV/u [5]. Since '*C and '*N have almost the same mass number, if the
fragmentation from each nucleus is different, it indicates the existence of the fragmentation
mechanism which is related to the nuclear structure. The results is following.

1. “He fragments from '2C are more numerous than those from N and this abundance
from *C mainly originates from the dynamical process.

2. Energy spectrum of *He fragments from ¢ produced during the dynamical process
has the peak near the incident energy.

3. “He fragments are produced most frequently at semi-peripheral collisions during the
dynamical process.

4. 120 breaks up into 3e particles most probably in all production events of “He fragments
during the dynamical process.

We concluded that the above features of '2C fragmentation are originated from the activation
of alpha-cluster degrees of freedom by indicating the excitation energy spectra of 12C before
its breakup at the dynamical stage. Excitation energy spectrum before 12C breakup into
any fragments consists of two components. One distributes in the range 7—15 MeV and the
other in the range above 15 MeV. Most of the former component results from the events that
12C: breaks up into S particles during the dynamical process and these excitation energies,
7—15 MeV, corresponds to excited levels of '*C which are considered to have the cluster
structure. Accordingly the features mentioned above is related to those excited states of **C
that is considered to have the cluster structure.
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FIG. 1. Mass distribution in p +
1200 at 55 MeV and isotope distribu-
tions in @ + !2C at 22.5 MeV/u and
4N + 12¢C at 35 MeV/u. Solid lines
indicate the distributions of the AMD
calculations and dashed lines indicate
the experimental data.
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‘In this report we investigated the projectile-mass dependence of the clustering effect of
12C by comparing '2C fragmentation in p + '*C at 55 MeV, a + 123 at 22.5 MeV/u and N
+ 12C at 35 MeV /u. Figure 1 sliows the comparison of AMD results with the experimental
data for p + 12C at 55 MeV [6], o + '2C at 22.5 MeV /u [7] and "N + 2C at 35 MeV/u [8],
Solid and dashed lines indicate the AMD results and the experimental data, respectively. As
is seen, the AMD calculations reproduce the experimental data well in the whole mass range
but underestimate the production cross section of fragments with A = 7 in all reactions.

We show mass distributions in p + 2C at 55 MeV (left panel), & + '*C at 22.5 MeV/u
(central panel) and “N + 2C at 35 MeV/u (right panel) in Fig. 2. As is shown clearly by
histograms, intermediate-mass fragments are merely produced before statistical decay in the
proton induced reaction, while in « and 14N induced reactions many fragments are produced
before statistical decay. Especially *He fragments are much produced during the dynamical
process and the high yield of fragments with A=8 with respect to the yields of neighboring
elements is seen in o and N induced reactions. In addition, the capture process by the *C
nucleus appears in the « induced reaction at 22.5 MeV /u, which reflects the low relative
velocity between projectile and target compared with the other two reactions.

10*

10t p—r——
p + %G at 55 MeV o+ %C 21225 MeViu YN + G &t 35MeViU

10° ¢ after decay —+— 1 10° b 1 10° FY a
-’K bstore decay — \ﬁ ﬁu
— 1 7Z i - 100 1 —~ 10FH | 71
£ € £
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10° ¢ ( —! 10° ] i 10°
10 /] 2 4 1] a 10 12 14 10 4] 2 4 13 8 10 12 14 18 10 1] 2z £ [ & 10 12 14 16
Mass Number A Mass Number A Mass Number A

FIC. 2. Mass distributions in. p -+ 12C at 55 MeV (left panel), o + 12C at 22.5 MeV/u (central
panel) and MN + !2C at 35 MeV/u (right panel). Solid lines indicate mass distribution after
statistical decay and histograms indicate those before statistical decay.
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FIG. 3. Mass distributions normalized by the breakup cross section of 12@. Solid, dashed and
dotted-dashed line indicate those in proton, o and **N induced reactions. Left and right panel
display those before and after statistical decay, respectively.

We compare mass distributions in proton-, a- and "N- projectile reactions directly in
Fig. 3. Since it is meaningless to compare mass distribitions one another directly due to
the geometrical effect from different radius of each projectile, the production cross sections
are normalized by the breakup cross section of the '2C nucleus. Left and right panels show
mass distributions before and after statistical decay, respectively. It is clearly seen that the
mass distribution of the proton induced reaction is quite different from other two reactions.
The normalized production cross sections of the fragments with A = 2,3,4 in the proton
induced reaction is smaller than those in o and N induced reactions. This difference
appears more remarkably before statistical decay. Especially the normalized production
cross sections of *He fragments before statistical decay are 3.05 X 1072, 2.06 and 1.27 in
proton, o and *N induced reactions, respectively. We can say that alpha-cluster degrees
of freedom in the '2C nucleus are more hardly excited during the dynamical process in the
proton induced reaction than in « and 14N induced ones. In addition, there is the difference
between o and 4N induced reactions before statistical decay. The normalized production
cross section of the fragments with A = 8 in the « induced reaction is larger than that in
the N induced reaction. This indicates that the a-cluster degrees of freedom are excited
more easily in the o induced reaction than in the 1N induced one because the fragments
with A = 8 are almost ®Be fragments. But, since incident energies in these three reactions
is different, this difference of the excitation of alpha-cluster degrees of freedom is not due to
the projectile-mass dependence but due to the incident energy dependence. :

Finally we display in Fig. 4 the excitation energy spectra of '2C before its breakup into
any fragments during the dynamical process in proton, « and 14N induced reactions. Long-
dashed, solid and short-dashed lines indicate those in proton, & and HN induced reactions,
respectively. As is seen clearly, the proton induced reaction is quite different from other
two reactions. In o and N reactions excitation energy spectra have two component. One
distributes in the region of 7—15 MeV and the other distributes in the region above 15
MeV. As was shown in Refl. [5], most of the former distribution results from the events of
120 preakup into 3 particles and these excitation energies correspond to excited levels of 12c
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which have cluster structure. Therefore it is expected that alpha-cluster degrees of freedom is
excited in o- and “N-projectile reactions during the dynamical process. On the other hand,
the excitation energy spectrum of '2C in proton induced reaction has only one component
which distributes above 15 MeV. This energy roughly corresponds to the threshold of the
one nucleon emission from the '2C nucleus. Hence in proton induced reactions it is difficult
for alpha-cluster states to be excited during the dynamical stage and it is expected that
shell-model-like excited states are mainly excited. This conjecture is also supported by the
normalized production cross sections of a nucleon shown in Fig. 3. This cross section is the
largest in the proton-projectile reaction, so a nucleon emission from the '2C nucleus most
probably in the proton induced reaction. Moreover the cross section in the 14N-projectile
reaction is larger than that in the a-projectile reaction. This may result from the difference of
the effect of nucleon-nucleon collisions, because the 4N nucleus constitute of more nucleons
than the 4He nucleus and the contribution of nucleon-nucleon collisions becomes large in the
14N-projectile reaction. The different size of projectile also changes the mean-field effect,
which is expected to excite alpha-cluster degrees of freedom. But, as was mentioned above,
the incident energies of all three reactions analyzed here is different, so we can not conclude
immediately that these differences results from the projectile-mass dependence. It is one of
future problems to investigate the incident energy dependence in each projectile reaction.

Acknowledgments

Most of caleulations for this research project were performed with the Fujitsu VPP500
of RIKEN, Japan. We thank Dr. I. Tanihata and Dr. S. Ohta for their arrangements for

using this computer system.

(1] K. Tkeda, H. Horiuchi, S. Saito, Y. Fujiwara, et al, Prog. Theor. Phys. Suppl. 68 (1980).

[2] A. Ono, H. Horiuchi, Toshiki Maruyama and A. Ohnishi, Prog. Theor. Phys. 87, 1185 (1992).
3] Toshiki Maruyama, A. Ono, A. Ohnishi, and H. Horiuchi, Prog. Theor. Phys. 87, 1367 (1992).
4] F. Pihlhofer, Nucl. Phys. A280, 267 (1977},

(5] H. Takemoto, H. Horiuchi, A. Engel and A. Ono, Phys. Rev. C 54, 266 {1996).

(6] C. T. Roche et al, Phys. Rev. C 14, 410 (1976).

(7] M. Jung et al, Phys. Rev. C 1 {1970)

(8] A. Kiss et al, Nucl. Phys. A499, 131 (1989).



JAERI-Conf 97-007

20. The isovector/isoscalar ratio for the imaginary part of the
medium-energy nucleon optical model potential
studied by the Quantum Molecular Dynamics

Satoshi Chiba, Koji Niita, Tokio Fukahori, Tomoyuki Maruyama,
Toshiki Maruyama and Akira Iwamoto
Japen Atomic Energy Research Institute,
Tokai-mura, Noka-gun, Ibaraki-ken 319-11. Japan

Abstract

Energy dependence of the ratio of the isovector and isoscalar strengths in the

imaginary part of the nucleon optical model potential at the medium energy
range was extracted from an analysis of proton and neutron induced total
reaction cross sections on '!Li with a theoretical framework called quantum
molecular dynamics (QMD). The isovector/isoscalar ratio was found to be
about 0.8 at 100 MeV. and decreased almost linearly in log(E) to 0 at several
hundred MeV. This result was consistent with an estimate at lower energy.
and was also in good accord with the values used by Kozack and Madland for
the analysis of nucleon + 2*8Pb reactions.

I. INTRODUCTION

In recent years, the intermediate-energy nuclear reactions have come to be more and
more important for various reasons related with not only the basic but also the applied
research fields [1]. It is obvious that the optical model potential {OMP) remains to be an
important quantity in the researches of nucleon-induced nuclear reactions at medium energy
range as was the case at the lower energy region.

The nucleon optical potential has been studied intensively in the past by many authors
from many points of view [2-19]. It is known that the proposed potentials give exccllent re-
sults in many cases. However, it is also recognized that they are still far from perfect in many
aspects, and there are many ambiguities which prevent the OMP to be defined uniquely. If
we look into the status of the imaginary isovector part of the OMP, the situation seems to
be particularly poor: In the low energy region where the surface absorption is dominant, the
strength of the surface imaginary isovector potential is distributed in the range from 9 MeV
[10] to 16 MeV [9]. This shows that the imaginary isovector strength has an ambiguity as
large as a factor of 2 in spite of the huge efforts to define the potential at low energy region
where both the neutron and proton data are available. At the intermediate energy region
shere the volume absorption becomes dominant, the proposed global potentials do not give
the isovector volume imaginary potential explicitely [3-12] (except one by Kozack and Mad-
land [13]). This is against the idea of the Lane model [20] (and its relativistic extention
[21]) on which the OMPs have been based. It is truc that the difference of the nucleon-
nucleon (N-N) interaction between the identical (p-p, or n-n) and non-identical (p-n) pairs
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of nucleons, that is the origin of the isovector term in OMP, becomes smaller and smaller
as energy increases, and finally reaches to zero at several hundred MeV. This fact, together
with small asymmetry ({(N — Z)/A) range spanned by most of the stable nuclei, may make
the net offect of the isovector part less and less significant in the intermediate-energy region.
However, it cannot be a justification of ignoring the imaginary isovector term from the basic
point of view.

For exotic nuclei such as 1'Li, the effects of imaginary isovcctor term will be significant
because they have large asymmetry parameters. In the case of 1'1i, there are 8 neutrons
and only 3 protons. Due to the big difference between the proton and neutron numbers,
the isovector effects will be magnified in these nuclei. Furthermore, these exotic nuclet are
known to have an outer region consisting only of neutrons, Le., the neutron halo or neutron
skin [22]. Due to this structure, the incident particles will interact firstly with only neutrons,
50 it is expected for these nuclei to respond quite differently depending on the (zcomponent
of the) projectile isospin. Therefore the effects of the isospin-dependent N-N interaction will
otill be noticeable for such exotic nuclei at intermediate energy while the Coulomb correction
is kept to be negligible.

It is the basic idea of this work to use the feature of the exotic nuclei as an amplifier of
the isospin-dependence in the N-N interaction to investigate the imaginary isovector OMP.
For this aim ! Li was selected as the target nucleus, and the total reaction cross sections for
neutron and proton projectiles were calculated by a theoretical framework called quantum
molecular dynamics (QMD) [23-25]. We use a QMD framework developed at JAERI [26],
which has heen used intensively for investigations of light-ion induced reaction mechanisms
at intermediate energy region [27-30]. This framework, however, was not satisfactory in
soveral senses. We then modified it for the present purpose as 1) to be Lorentz covariant
[31]. 2) to include the momentum dependence in the effective N-N interaction, 3) to include
the Pauli potential to simulate the Fermion nature of the nucleon system better, and 4) to
include a revised N-N collision term. As a check of the new framework, we have carried out
an analysis of total reaction cross sections for carbon target with various kinds of projectiles,
including "'Li, for which experimental data are available.

II. BRIEF EXPLANATION OF THE QMD

The details of the formulation we adopted will be given elsewhere [32], so only a simple
explanation is given in this paper. We start from representing each nucleon (denoted by a
subscript i) by a Gaussian wave packet in both the coordinate and momentum spaces. The
total wave function is assumed to be a direct product of these wave functions. Thus the
one-hody distribution function is obtained by the Wigner transform of the wave function,

_Ri)?  2L(p - Py)? |
flep) = Shtep) = Yoo |- IR0 ZHEST )

where L is a parameter which represents the spacial spread of a wave packet, R; and P;
corresponding to the centers of a wave packet in the coordinate and momentum spaces.
respectively. The equation of motion of R, and P; is given, on the basis of the time-
dependent variational principle, by the Newtonian cquation:
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. oH . oH
Ri=-o, Pi=-oc, 2

oP; oR; )
and the stochastic N-N collision term [26,36]. The Hamiltonian H was taken to be a sum of
the zero-th component of the 4-momentum vector of each particle [31]:

H= Z = Z \/Pi2 + m? + 2m;U; (3)

1

The scalar potential U; consists of the Skyrme-type effective N-N interaction [35], Coulomb
and symmetry energy terms, the Pauli potential and the momentum-dependent potentials:

14 1 B 1 e2
U = —— L P> —— < ;T 4 - CéC'—“":—el‘f Adi; AL
200 7 T+rp; 7 2}_(};:?) I Ny (Ag;/V4L)
G, .
f S ada-el + T Ve
70 it i)
e 1 V(2) .
3 = 2 P + 5 Z N 5 Dij (4)
2p0 fz L+[BF;/ml® 7 2o0 7 L+ 8By ]

where “erf® denotes the error function, and ¢; is 1 for proton, and 0 for neutron. Other
symbols in this equation are defined as

<pi> = opy o= Zfdrpf(r)ﬂj(r)
b J#
=Y (4nL) "3 exp [~ A /AL
J#

. dp y
p‘i _/(:Qﬂ_h}gf?(_rﬂ p)

3 n =2 A
VPau!i,-j = %vrp [i] €xXp [_A ;j = Apgj] énrjéo'(aj
- GoPo 2¢p 2p5
(.AQijpij)z
Pij
(Apijpz‘j)z (5)

Dij

A = -Adh +

APy = —Ap% +

)
and
Agij = ¢ — q;
Apij =pi —p;
_ Pij =PitP; (6)
The ¢; and p; are the coordinate and momentum of particle ¢ in the 4-vector representation,
respectively. It is easy to note that the variables Ag;; and A-ﬁfj defined above are Lorentz

sealars. In addition, this form of Hamiltonian gives the equation-of-motion equivalent with
the Relativistic QMD [33,34] with a special choice of the time-fixation [31].
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The parameters in the above Hamiltonian were determined to reproduce the saturation
dentisy p = po = 0.168 fm™?, minimum energy E /A = -16 MeV, the cnergy dependence
of the teal optical model potential, and the effective mass m~/m = 0.8 at the Fermi surface.
Furthermore, the parameters of the Pauli potential were chosen for the kinetic energy of
the QMD to be cqual to the total energy of the free Fermion systems [24]. From these
conditions, the following values were determined: A = -127.68 MeV, B = 204.28 MeV, 7
= 4/3, C, = 25 MeV, V) = -258.54 MeV, V! = -375.60 MeV, py = 2.35 MV, jip = 0.4

exr
MeV, L = 1.75 fm?, ¥, = 140.0 MeV, po = 120.0 MeV, and ¢g = 1.644 fm.
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Fig. 1 Energy dependence of the real part of OMP Fig. 2 Binding energy per nucleon

Fig. 1 shows the energy dependence of the real part of the OMP. The solid curve shows
the potential depth calculated from Eq. (4) without the Coulomb and the Pauli potentials.
Tt is understood that the present parameterization reproduces the energy dependence of real
OMP obtained experimentally [12] fairly well. The binding energies per nucleon of several
stable nuclei calenlated with QMD are compared with experimental data in Fig. 2. This

fipure shows that the QMD calculation gives a very good description of such basic nuclear
structure information.
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Fig. 3 Nucleon deusity distribution of VLi Fig. 4 Transverse momentur distribution of Y11
from the 1Li + C reaction at 790 MeV/A

The nucleon density distribution of ''Li is shown in Fig. 3 with the experimental data
[22]. Thesmooth curve denotes the nucleon distribution calculated by QMD while the broken
curves denote the upper and lower hounds of the experimental uncertainty [22]. In the same

i e e b
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figure, we show the "particle” distribution by the histogram, which means the distribution
of the center of the Gaussian wave packets. The "particle” distribution shows the existence
of valence neutrons outside a core (°Li). The neutron halo structure is reproduced well
by the present calculation. The binding energy for !'Li was calculated to be 44.89 MeV,
which is consistent with the experimental value of 45.54MeV. Fig. 4 shows the transverse
momentum of %Li for the reaction 'Li + C at 790 MeV per nucleon. The 2 components
in the experimental data by Tanihata et al. [22] are reproduced excellently by the QMD
calculation.

III. CALCULATION OF REACTION CROSS SECTIONS FOR '?C TARGET AS A
VERIFICATION OF THE COMPUTATIONAL METHOD

The reaction cross section was calculated based on the following formula, which is equiv-
alent with the optical limit of the Glauber approximation:

or = 27 / b(1 — T(b))db (7)

where the T(b) denotes the transparency, i.e., the probability that the projectile having
the impact parameter b causes no interaction with the target nucleons. In the Glauber
approximation, such quantity is evaluated along a straight line trajectory, while in QMD it
is calculated on a more realistic trajectory determined by the mean-ficld described by the
effective two-body potential FEq.(4) including the Coulomb interaction.
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Fig. 5 Total reaction cross sections of >C for incident proton (left-top), deuteron
(left-bottom), « (right-top) and "*C (right-bottom).
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The reaction cross sections for 2C were calculated for projectiles of proton, deuteron, a
and '2C, and are shown in Fig. 5 with experimental data [37-40]. These figures confirm that
the QMD gives satisfactory descriptions of the reaction cross sections of various projectiles
on carbon cven though no parameter was adjusted for this purpose. The only exception is
the case of d + '2C for which the QMD overestimates the reaction cross section noticeably.
The reason of this was found to be related with the stability of deuterium in the QMD
simulation: Deuterium is a nuclei in which a proton and neuntron bind each other with the
hiding energy of 1 MeV per nucleon. Such system is not stable enough in QMD calculation,
$0 it breaks into a neutron and proton when it reaches to the carbon target and feels the
mean-field (real OMP) of the target without causing any N-N collision (which is the origin
of the imaginary OMP). In other cases, it could be concluded that the QMD calculation to
be reliable.

The total reaction cross sections for 2C target induced by several Li isotopes are shown
in Fig. 6. Again, the QMD calculation reproduces the basic feature of the experimental
data [41,42]. The agreement is particularly good for ''Li on "*C case.
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Fig. 6 Total reaction cross sections of '*C for incident AL, where A = 6, 7, 8, 9 and 11.

IV. EXTRACTION OF THE ISOVECTOR/ISOSCALAR RATIO OF
IMAGINARY NUCLEON OMP AT INTERMEDIATE ENERGY

Based on the success of the previous section, we proceed to extraction of the isovec-
tor/isoscalar ratio of the imaginary OMP. Firstly we define a quantity « to be

C or(p) — orln)
“ = Galp) + onln) )

where ax(i) denotes the total reaction cross section for incident particle . The quantity
a was calculated at 100, 200, 400 and 800 MeV for !'Li target by QMD, and is shown in
Fig. 7. This quantity is found to be about 0.27 at 100 MeV, so the isospin dependence
in the N-N collision really affects the total proton and neutron cross sections significantly.
Such difference, however, becomes smaller and smaller as energy increases, and the effect is
negligible at several hundred MeV. This is an intuitively understandable behavior.
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Then, we take the 1st order expansion of o with Tespect to the imaginary OMP (W)
around Wy:

. I,
or(W = Wyt eW)) = or(Wo) £ EW"J_WUR(['V()) (9}
where + applies to incident protons and - to neutrons, Wy denotes the imaginary isoscalar
strength, the W), the isovector strength, and ¢ = (N — Z)/A. By using this formula, the
quantity a can he written also to be
W1 55-0r(W))

a = (0] (10)

The ratio W /W, is calculated by putting the 2 a’s in Egs. (8) and (10) equal;

Wi _ or(p) = og(n) _or(Wo) 1 (11)
I/VO UR(p) + ag(n) (,)“LVO'R(W’?Q) EI/VO

The first factor of the right hand side was already obtained by the QMD calculation (Fig.
7). We have then calculated the 2nd factor by employing the following classical expression
for o obtained with the Glauber approximation for uniform sphere of radius R [43,44],

1 — (1 + 2REW/E)e 2RAW/E )

(2REW/E)? (12)

or(W) = 7R? (1 -2
where & denotes the wave number and E the projectile energy. The imaginary isoscalar
strength W, was taken from Finlay’s parameterization [45],

15.353( E — 80)°
Wy = 6.6+ ool — %)

© T {E - 80)% +137.82 (13)

The ratio Wi /W, calculated based on Eq. (11) is shown in the left part of Fig. 8.
This figure shows that the ratio W; /W has a value of about 0.8 at 100 MeV, then decreases
almost linearly in log (E), and reaches to 0 at several hundred MeV. This energy dependence
is consistent with that of the difference of the cross sections between the identical and non-
identical pairs of nucleons. The error bar was obtained from the statistical uncertainty in
the factor a, and by assuming (rather extremely) the error of Wy to be 50 %. The main
source of error comes from the uncertainty in Wy at 100 MeV, while the statistical error is
dominant at 800 MeV. Anyway, the results are rather insensitive to the choice of the Wy
parameter.

In the right part of Fig. 8, the low-energy limit of this ratio was calculated with the
Walter-Guss potential [8] at 10 MeV, and plotted with the presently obtained results. The
energy dependence obtained in this work extrapolates smoothly to the lower energy value.
The result calenlated from the parameters of Kozack and Madland [13] are shown by the
dash-dotted curve in the same figure. These values were obtained by adding the (Lorentz)
sealar and vector imaginary potential strengths for each of the isoscalar and isovector com-
ponents. Their value is slightly higher than the present estimate at 100 MeV. However,
these 2 curves become closer as encrgy increase, and finally they are consistent at 300 to
400 MeV region.

e eee———pam e et L3 1
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Fig. 7 The quantity a (defined in Eq. (8)) calculated by QMD for ''Li
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Fig. 8 The isovector / isoscalar ratio for imaginary nucleon OMP derived as Eq. {11). The left
figure shows present result, while the right one includes the lower-energy estimate [8] and values
' used by Kozack and Madland [13].

V. CONCLUDING REMARKS

A QMD (quantum molecular dynamics) framework was used to extract information
on the imaginary isovector term in the intermediate-energy nucleon OMP. The "Li was
selected as an amplifier of the isospin-dependence in the nucleon-nucleon interaction which
is the origin of the isovector potential. The difference in the reaction cross sections induced
hy neutron and proton on ''Li indicated that the imaginary isovector potential plays a
noticeable effect on the observables for such exotic nuclei at intermediate encrgy. The
present result were found to be consistent with a lower energy estimate and with the values
used by Kozack and Madland for the analysis of N 4+ ***Ph observables.

It must be noted that there is a slight inconsistency in the generation of ground states
for stable nuclei and 'Li. For the stable nuclei, the ground states were generated by the
Metropolis method with the temperature of 2.5 MeV by using the parameters for the effective
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nucleon-nucleon interateion as given in the text. On the contrary, the temperature was set
to be 0 MeV and another parameter set was used for "'Li. Although this inconsistency
does not alter significantly the conclusion of this work, a consistent deseription is definitely
preferred. This will e one of the future subjects on this work.
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21. Status of Semi-Classical Distorted Wave
(SCDW) Model
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Department of Energy Conversion Engineering, Kyushu University
 Department of Physics, Kyushu University
b Physics Division, Kyushu Dental College

1 Introduction

Nucleon-induced preequilibrium reactions have been studied extensively to enhance the un-
derstanding of non-equilibrium phenomena in excited nuclei. In the preequilibrium reactions
at energies of more than tens of MeV, multistep direct (MSD) processes into continuum be-
come dominant and the energy spectra with smoothly forward-peaked angular distributions
are observed at the intermediate outgoing energy region. Various MSD models have been
proposed and applied to analyses of experimental data[l], ¢.e., phenomenological models
including several versions of the exciton model and statistical quantum-mechanical (SQM)
models such as the Feshbach-Kerman-Koonin (FKK) model[2], the Tamura-Udagawa-Lenske
(TUL) model[3] and the Nishioka-Weidenmiiller-Yoshida (NWY) model[4]. More recently,
microscopic simulation methods based on the Quantum Molecular Dynamics (QMD)[5] and
the Antisymmetrized Molecular Dynamics (AMD)[6] have been applied as a new approach
to study the nucleon-induced preequilibrium reactions

As an alternative SQM model, we have proposed the semi-classical distorted wave (SCDW)
model{7, 8, 9]. The SCDW model is based on DWBA series expansion of the T-matrix and
its energy average in a given energy bin of the exit channel as the other SQM models. [t
is greatly simplified by the local density Fermi-gas model to describe nuclear states, a local
semi-classical approximation to the distorted waves, and the Eikonal approximation to in-
termediate state Green functions. Under these assumptions and approximations, the double
differential emission cross sections of each MSD step can be expressed in a simple closed
form in terms of the distorted waves, the nucleon-nucleon scattering cross sections, and the
nucleon density distribution, as will be described in the next section. If these quantities
are given either empirically or theoretically, no free adjustable parameter 1s involved in the
SCDW model. Furthermore, the expressions for the cross sections allow us a simple intuitive
interpretation which gives a justification for a basic assumption of the intra-nuclear cascade
(INC) model[10] that the reaction proceeds via sequential nucleon-nucleon collisions in a
nucleus and each reaction path has no interference.

In our previous report[11]', we presented some results of the SCDW model calculations
for 1- and 2-steps of (p,p'z) and (p,nz) reactions at energies up to 200 MeV, and pointed

I'There were numerical errors in the calculated 2-step cross section by an order of magnitude in Figs. 1
through 3.
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out that the calculations involving higher-step processes (at least 3-step) were necessary for
comparisons with the other model calculations. In this paper, we report on the present
status of the SCDW model, showing some new results of the SCDW calculations for the

leading three MSD steps of (p,p'z) reactions.

2 Qutline of the SCDW model

The detail of the SCDW formulation has been described elsewhere[7, 8, 9]. Ounly the final
SCDW formulae are given below. The 1-step cross section is expressed by

25(1) 2 r . , 2
(8%@@) B (ALH) /dr%%%[xw(r” X)) (W??W"_))rp(r)’ (1)

where A is the target mass number, k. and k.(r) (c=i and f} are the wave number at infinity
and the local wave number in the initial () and final(f) channels, xJ(x7} is the distorted
wave in the initial (final) channel, p(r) is the nucleon density, and

(@Ef(f)gﬂf(r))fhgkf(rmg(sr))kp(rr / dk(;&)wﬁ(“’z—ﬂz) (2)

k<kp(r)
is the local average differential cross section of N-N scattering where & = (ki(r) — k)/2
(k' = (ks(r) — K')/2) is the relative momentum in the two-nucleon c.m. system where

k(k') is the momentum of the struck target nucleon in the initial (final) state. The local
average cross section, however, is put to zero if the Pauli principle, k;(ro) and &' > kg(rq),

is violated. The local kinetic energy, E;(r) = A%k (ro)?/p, and direction, Q;(r) = kf(ro) of
emission correspond to E; and () at infinity, respectively. In Eq. (2),

ao- _ m/2 —zq-x 2
(3951)]\”\; 27rh2 /dxv I (3)

is the N-N scattering cross section with the momentum transfer g = &' — & = k;(rp) —k;(ro),
where m is the nucleon mass and v(x) is the two-body potential acting between two nucleons.

In the calculation of 2- and 3-step cross sections, the Eikonal approximation to the
intermediate Green function is made as an additional approximation{8]:

1

24 exp(ikm |r2 — 1) )
E, K — Uy + i1 '

r >R -
' _ R’ rz — 14 ’

<TIy

where r1(r;) is the first (second) collision peint, and k,, = (/B (Em—U Y = ptim
is the complex local wave number in the intermediate state.
As given in Ref.[8], the final form of the 2-step SCDW cross section is expressed by

o2 (2) A 4 k k
(anan) = (A—H) /dEm/drlfdrz kfjkf r2) 3 t ey

o exp(—29m [tz — 11|}
(6Efaﬂz)r2 AL P aE o) ot O
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where E,, = h?k2 /2u and Q,, is the direction of [ r; — 1 |. The local average cross sections
are given by Eq. (2) with approximate substitutions of coordinates and momenta.
The extension to the 3-step is straightforward and the cross section is deduced to the

following expression:

(920'(3) A 6 - kf (I‘3) k’f (-) 2 {+) 2
(B—Ef(“iﬂf) = (A?) /dEm/dbmzfdrlfdrzfdrsml‘;—l)ki |Xf (rs)l Xi (l‘l)i
5o exp |27 Jra — ] ( 5 )

* (8Efaﬂf)r3 f (r3) er - 1'2{2 8Emzaﬂm2 ra g (r2)
exp [=2Ym1 [r2 — r1] ( %o )
6
vz — 11| 5B ), Y

In the {p,p'r) reaction, there are two types of the 2-step processes, (p,p")(p",p") and
(p,n)(n,p'), in accordance with the kind of intermediate fast particle, either proton or neu-
tron. Similarly, the 3-step process consists of four different paths: (p,p")(p", 2" ) (0", ¥'),
(p, p")p", n)(n, 0", (p.n)(n, p")(p",p) and (p, nY(n,n')(n',p"). Hence the final expressions of
the 2- and 5-step cross sections are given by the incoherent sum of each contribution.

The primary physical quantities necessary for the SCDW calculation are (a) the dis-
torting potentials, (b) the two-nucleon scattering cross sections and {c) the nuclear density
distribution, as shown in Egs. (1), (5) and (6). Basically, the same input data as in [9] are
used for those quantities. The global optical potentials of Walter and Guss[12] are adopted
as (a) for energies less than 80 MeV and those of Schwandt et al.[13] for energies above 80
MeV. For neutrons of the intermediate fast particles, however, the real part of the optical
potential parameters of Ref.[13] is modified according to Madland’s method[14]. The non-
locality of the distorting potentials is considered by means of the weil-known Perey factor
[15]. Note that the Perey factor is unity for bound state wave functions in the Fermi gas
model because of normalization. The nonlocality range 3 in the Perey factor is taken to be
0.85 fm[15]. For (b), two options are took into account: two-nucleon scattering in free space
or in nuclear medium. The free N-N cross sections are given by the same empirical formula
of the differential N-N cross section as in Ref.[9], i.e., the parameterized cross sections taken
from Ref.[16] and angular distributions given in Ref.[17]. In-medium N-N cross sections cal-
culated in nonrelativistic Brueckner approach using the Paris potential by Kohno et al.[24]
are used to take into account two-nucleon scattering in nuclear medium with the framework
of the SCDW model. For (c), the nuclear density distribution of the Woods-Saxson shape
with Negele’s geometrical parameters|18] is employed.

3 Results and discussion

3.1 Comparison of calculated angular distributions with exper-
imental data
Using a Monte Carlo integration method with quasi-random numbers{19, 20], we have im-

plemented SCDW calculations for **Ni(p, p'z) reactions at incident energies of 65, 120, and

200 MeV. and Zr(p,p'z) at 160 MeV,
Figures 1 and 2 show comparisons of the SCDW angular distributions of **Ni(p, p’z)
reactions for 120 and 200 MeV calculated using the free N-N cross sections with the experi-
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mental ones[21]. In these figures, each MSD step is decomposed to see how the contribution
varies with proton emission energy; the dotted line, the dash-dotted, and the dashed lines
represent each component of l-step, 2-step and 3-step processes. Their sum is represented -
by the solid lines. The SCDW calculation with no free parameters is in overall agreement
with the experimental data except at very small and large angles, although underprediction
is seen over the whole angular region at the lowest emission energy for both incident energies.
For the highest emission energy, the SCDW calculation has a peak around 20° and overes-
timates the experimental data by a factor of about two. Similar peaks are also seen in the
angular distributions at other emission energies, and they become broader with decreasing
proton emission energy. Similar results were obtained for the other reactions.

Comparing the stepwise components in Figs. 1 and 2, we can see that proton emission via
the 1-step process is dominant in the intermediate angular region and contributions from the
9- and 3-step processes become appreciable with increase in emission energy and angle. It
is found, however, that the MSD components cannot compensate enough the discrepancies
between the l-step cross sections and the experimental data at backward angles. That 1s
possibly because higher momentum components of target nucleons above the Fermi momen-
tum cannot be taken into account properly by the degenerate Fermi-gas model assumed in
the SCDW model. The l-step angular distributions fall off steeply toward 0° at all outgoing
energies as shown in our previous calculation[9]. On the other hand, the 2-step and 3-step
cross sections have smoothly forward-peaked angular distributions and their values are not

zero at 0°.

3.2 Comparison with other model calculations

We compare the SCDW calculations with the results of the other models (AMDI[6], QMD[5],
and FKK[5, 22, 23]) to see similarities and differences among them in Figs. 3 and 4.

First, a comparison with the AMD[6] is given for **Ni(p,p'z) at 120 MeV in Fig. 3.
Agreement is generally good, although the SCDW 1-step and 2-step cross sections are smaller
than the AMD ones. It is interesting to note that the AMD I-step cross sections also show
peaks near the angle corresponding to the quasi-elastic scattering(QES), though slightly
shifted forward. Such the peaks do not appear in the calculations based on the other models
(QMD and FKK) as will be shown later. .

Second, we compare the SCDW angular distributions with the QMD ones[5] for **Ni(p, p'z)
at 120 MeV in Fig. 3 and *°Zr(p, p'z) at 160 MeV in Fig.4. From comparisons between two
model predictions, we notice that the shape of 1-step angular distributions is different, es-
pecially at very small angles and backward angles. The QMD calculations show the forward
peaked 1-step angular distributions without the steep fall-off near 0°. According to Ref.[5],
the behavior of the 1-step cross sections near 0° is strongly influenced by the refraction effect
due to the mean field potential. The SCDW model also takes into account the refraction ef-
fect by the distorting potentials of the entrance and exit channels. It 1s, however, is expected
to be weak because the depth of the real potentials including the Coulomb potentials becomes
shallow with increasing proton energy. The difference seen at backward angles is due mainly
to the momentum distribution of target nucleons as discussed in Ref.[5]. The QMD calcula-
tion includes the target nucleons with higher momenta than the Fermi momentum, whereas
the SCDW model assumes the degenerate Fermi-gas model with the zero-temperature. As
for the 2 and 3-step cross sections, both calculations are almost simular, though the SCDW
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yields rather smaller the cross sections at the highest emission energy than the QMD.

Third, a comparison of the SCDW with the FKK[5] is made in Fig.4. Tt should be noted
that the FKK calculation includes an adjustable parameter V; to fit the magnitude of exper-
‘mental data. Both the models are based on.the DWBA approach. However, a considerable
difference is shown between both predictions of 1-step cross sections, although the multistep
components do not differ much. The FKK gives steeper l-step angular distributions than
the SCDW. As a result, the relative contributions from the 2- and 3-step processes for the
FKK are large at backward angles compared with the SCDW. In addition, one can compare
with the FKK analysis of %Ni(p, p'z) by Richter et al.[22]. They showed that the QES com-
ponent based on the DWIA calculation was necessary to reproduce the experimental angular
distributions especially at high emission energies. According to Ref.[22], the cross sections
in the angular region of 40° to 70° for the emission energy of 100 MeV in Fig. 1 cannot be
reproduced well by the FKK calculation alone, but the discrepancy can be resolved by the
addition of the QES contribution. Our SCDW model prediction is in excellent agreement
with the experimental data at the corresponding angular region.

From the comparisons among those three model predictions, we conclude that the shape
of the 1-step angular distributions depends strongly upon the models, but the multistep
components are not different much in shape among those models. A general trend shows
that the relative contribution to each step is almost similar .

3.3 In-medium effect on SCDW calculation

We have recently calculated in-medium N-N cross sections from G-matrix of the nonrela-
tivistic Brueckner approach[24]. The result is shown in Fig.5. The solid curves are obtained
from the parametrization of the in-medium N-N cross sections as a function of the inci-
dent energy and the nuclear density. As the incident energy increases, the in-medium N-N
cross sections become close to the free N-N cross sections presented by the closed circles.
This trend is different from that of in-medium cross sections calculated in the relativistic
framework by Li and Machleight{25] which are reduced {rom free ones even at intermediate
energies. We understand that the difference does not appear as one of pure relativistic ef-
fects, but is rather due to the flux renormalization represented by an effective mass m*. The
appearance of m* is related to the nonlocality of the single particle potential. In SCDW, the
nonlocality is taken into account by the Perey factor as mentioned in the section 2. Thus,
one should use the in-medium cross sections without the flux renormalization, namely the ef-
fective mass m* being replaced by the bare mass m, to avoid double-counting the nonlocality
effects in the SCDW calculations.

The SCDW calculation in which the free cross sections are replaced by the in-medium
ones is shown in Fig.7. From the comparison with Fig.1, there is found to be no appreciable
difference between both calculations. Similar comparison was also made for the reaction
58Ni(p,p'z) at a low incident energy of 65 MeV, where the in-medium cross sections are
largely reduced from the free ones at normal density po. However, the in-medium effect on
the SCDW calculation does not appear obviously, because the predominant 1-step process
occurs mainly in the peripheral region of a nucleus where the density is enough low and the
in-medium cross sections are close to the free ones.
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4 Summary

The SCDW model to describe the preequilibrium MSD reaction was extended so as to in-
clude the 3-step process. The MSD calculations of 58Ni(p, p'z) at energies of 65, 120 and 200
MeV and #Zr(p,p'z) at 160 MeV were carried out using the extended SCDW model and
compared with the experimental data. The calculations with no free parameter showed over-
all good agreement with the experiment, although underprediction is seen at very small and
backward angles. We found that the 2- and 3-step contributions were not so large enough
to compensate the difference between the 1-step cross sections and the experimental ones at
backward angles. The discrepancies seen at very small and large angles is possibly respon-
sible for the local Fermi-gas model which does not work well in the nuclear surface region.
The comparisons of the SCDW calculations with the AMD, QMD and FKK calculations
led to an interesting result that the differences in the shape of 1-step angular distributions
are remarkable among the models, but the multistep components are rather similar in the
shape of angular distributions and the step-wise contribution is not so much different. The
in-medium N-N cross sections were calculated in the nonrelativistic Brueckner framework
with the Paris potential, and were parametrized as a function of the incident energy and the
nuclear density. The SCDW calculation with the in-medium N-N cross sections was not so
different from that with the free ones.
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Figure 1: Comparison between theoretical and
measured angular distributions for the reaction
5¥Ni(p, p'z) at an incident energy of 120 MeV
for various emission energies. The experimental
data are taken from Ref. [21]
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Figure 2: The same as in Fig.1 but 8Ni(p,p'z)
at an incident energy of 200 MeV. The experi-
mental data are taken from Ref. {21}
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Figure 3: Comparison between theoretical and Figure 4: Comparison between theoretical and
measured angular distributions for the reaction measured angular distributions for the reaction
5¥Ni{p,p'z) at an incident energy of 120 MeV for %Z1(p,p'z) at an incident energy of 160 MeV for
an emission energy of 60 MeV: (a) SCDW, (b) an emission energy of 80 MeV: {a) SCDW, (b)
QMD {5], and {c) AMD [6]. The experimental QMD [6], and (¢) FKK [6]. The experimental
data are taken from Ref. [21] data are taken from Ref. [24]
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Figure 5: In-medium cross sections for (a) pp scattering and (b) np cross sectlon Results of
Brueckner calculations in nuclear matter at the normal density pg = 0.18 fm™2 and }pg are
shown by the filed squares and open circles, respectively. The filled circles stands for the CTOSS
section in free space. The curves are obtained by the parametrization. -
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Figure 6: SCDW calculation with in-medium cross sections for the reaction **Ni(p,p'z) at an
incident energy of 120 MeV for an emission energy of 60 MeV.
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