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Report of the Third Seminar on Nuclear Physics at the
Energy Region of the JAERI Tandem-booster Accelerator
February 27-28, 1992, Tokai, Japan

{Eds.) Akira IWAMOTO, Masumi OSHIMA, Hiroshi IKEZOE
Yuichiro NAGAME+ and Nobuo SHINOHARA++

Department of Physics
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received August 19, 1992)

A seminar on new experiments to be studied and new experimental
apparatus suitable for the JAERI Tandem-booster accelerator being under
construction was held at Tokai Research Establishment of JAERI in the
period from February 27 to 28, 1992. Sixty eight participants from
universities and from JAERI attended to discuss the following items:

1. Physics at low temperature

Nuclear structure at high spin and at high excitation energy

2
3. Application of unstable beam and their spectroscopy
4, Nuclear reaction at intermediate energy

5

New facilities

Keywords: Seminar, Proceeding, Tandem-booster Accelerator, Heavy Iom,

High Spin, Recoil Mass Separator

+ Department of Radioisotopes

4++ Department of Chemistry
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1. INTRODUCTION

Impurity ions introduced in ligquid helium may behave as singly
charged entities with effective mass of 50-100 He atoms, which are
referred to as snowballs. A snowhall is, therefore, an aggregate of
helium atoms by means of elecfrostriction around an impurity core icn
admitted in liquid helium.!? Not only helium ions as first noticed but also
any other alien ions do form snowballs.2? The method used in the study
of polarization phenomena in heavy ion reactions® enabled us to conceive
renewed interests to approach individual snowballs through alpha~ and
beta-ray counting.

While the snowball has been thought of a highly permanent scolid en-
tity,4) there are still doubt whether all the existing evidences do
decisively favour the picture of a solid core.$? The preservation of
nuclear polarization provides with an important clue to this issue, ena-
bling us to test the inherent structure of snowballs directly as well as to
peripheral problems of the above experiment,

Here, in this report, preservation of nuclear polarization of core ions
2 (T2 = 20.4 ms, beta-radicactive) and measurement of lifetime of 8Li
('Tuz = 832 ms, beta- and alpha-radioactive) snowballs are presented.
It has been proved that the snowballs are far long-lived as compared to
2B, namely, half-life of snowballs was obtained as 350 ms. This observed
long lifetime supports the view that the snowballs constitute a suitable
milieu for maintaining nuclear polarization of short-lived core ions
throughout their lifetime.
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2. FORMATION OF SNOWBAILLS

An impurity ion admitted in liquid helium creates a strong electiric
field around itself. The electrostriction exerted on the He atoms sur-
rounding the impurity ion compels them to exhibit an extremely small but
finite electric dipole moment, despite the fact that the electric
polarizability of helium atom is approximately only 0.5 x 10-24 cm?, To
minimize the electrostatic energy, an aggregate of electrically polarized
helium atoms is formed around the ion. The range of such an effect is
calculated to be about 6 A, thus, we may think of a charged spherical
aggregate created around the impurity ion. The internal pressure has
been calculated by Atkins,® who attempted to simulate the aggregate by a
continucus medium. We know that the pressure of at least 25 atm is
needed to solidify helium at 0 K. The calculated pressure by far exceeds
the value of this melting pressure at r < 6 A with a reasonable value for
the surface tension. Such is a snowball, containing 50 - 100 helium
atoms around a core ion and is singly charged.

We are thus led to consider that a snowball may well be of the solid
entity, although there have been still no direct evidences for this state-

ment.

3. EXPERIMENT

3.1. Freezing out of nuclear polarization of core ions

A 135-MeV nitrogen ion beam obtained from the cyclotron at the Re-
search Center for Nuclear Physics, Osaka University, was shaped into
pulses of 30-ms duration and 80-ms repetition and was focussed into a
diameter of 4 mm on a target, a water—cooled thorium foil of thickness 20
mg/cm?.  Ions undergoing no interactions with Th nuclei were collected at
a beam dump in the target chamber. Reaction products 2B were taken
out at 25 degrees with respect to the direction of the incident beam
through a collimator into the crycgenic space and were introduced into

liquid helium at a temperature of 1.7 K. The temperature was monitored
by the helium vapour pressure in the superfluid chamber and by a ger-
manium and a carbon resistors placed inside the chamber. The chamber

window was of 50-um thick stainless steel and the reaction

products with kinetic energy exceeding specified values determined from
the range and the energy loss in the target and the window, penetrated
into liquid helium. The residual range in the liquid helium is only a few
mm at most. Most of the impinged 2B ions were neutralized during the
stopping process. A fraction of ions survived without being neutralized,
until they formed snowballs. These snowballs were dragged to the Z0-mm
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long central domain by a static electric field impressed in the 30-mm wide
and 50-mm long superfluid chamber. The experimental setup is shown in
Fig. 1.

A static magnetic field was produced all the way from the targeil to
the superfluid chamber in the direction of the reaction normal and the
strength around the domain was 0.9 kG with inhomogeniety less than 1 %.
Beta rayvs from the unstable nuclei thus transported were detected during
40 ms of the out-beam periods by a pair of plastic counter telescopes
deploved parallel to that direction.” Beta rays penetrated a 100 um
stainless steel window of the superfluid chamber and a 50-um thick
aluminium window of the vacuum
chamber, before impinging a coun-
ter telescope which consisted of
two energyv-loss detectors of thick-

ness 2 mm, one large energy

to Vacuum
detector and an anti-coincidence Pump
detector at the surface of the ol
magnet poles. The energy
threshold of the counter telescope
was set at 3 MeV. Energy and FRP-Dewar

time spectra were consistent with
- g RF-Coil
those of 128 (Tuz = 20.3 ms, TVN= i+ ud /AI-Wlndow
L~ Al-Degrader

and EBmax jas 13-7 MGV).
Nuclear polarization of *B was

Cu-Black

reversed during every other out-

beam period by applying the !-IW_I
adiabatic-fast-passage NMR over the

.l |
resonance frequency 675 kHz Guide Elecirode
; : Front View ! Side View
during 5-ms rf-periods before and
after the beta-ray counting. A

pair of rf-coils were installed in  Fig 1 Setup for polarization measurements
the chamber and were dipped com-

pletely in the liquid helium. The

NMR was otherwise applied over a frequency 150 kHz apart from the
rescnance and the nuclear polarization was kept unaltered. By taking the
average of the left-right ratios of the counting rates, the beta-ray asym-
metry was obtained free of the instrumental asymmetries.

Polarization of the 12B was preserved during the flight in vacuo from
the target to the chamber window, since the ion was energetic enough to
be in the fully stripped state and no hyperfine interactions in the ion
were effective. The collision time is short enough whilst penetrating the
solid material such as the chamber window and no deterioration of
polarization tock place.

The angular distribution of beta rays from the polarized 2B is
asymmetric, owing to the parity non-conservation in the weak interaction
and reads

wW{g) = 1 - Pcos#f
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with respect to the axis of 2B polarization. Polarization P is expressed
as
Pzl - RYZ /(T O+ RLEY,
where
R = (N{ O WNC g D/ NGO O V/NE 7 Von.

Here N’s stand for the counting rates of beta ravs during off- and on-
resonance periods at = 0 and =w.

Polarization measured was 7 * 3 %. Though we need more counting
statistics, this value agrees well with the measured average polarization of
12ZB from the same reaction at 129 MeV and at 30 dedgrees, P = 10%.7
Thus, we presume that the spin polarization of the core nucleus is essen-
tially preserved through the lifetime.

3.2, lLifetime of Snowball

A beam of 150-MeV 7Li ions was obtained from the cyvclatron at the
Research Center for Nuclear Physics and was shaped into pulses of 1.2-s
duration and 3.2-s repetition. The beam was focussed into a diameter of
less than 4 mm and was led to the target of CD: and the reaction
products 8Li were introduced into a cryogenic space at 0 degrees and
into Hquid helium at a temperature of 4.2 K through a window made of
50-x m thick aluminium, A part of S5Li ions formed snowballs. These
snowballs were displaced by approximately 10 mm by an electric field
impressed perpendicular to the original beam direction between a grid and
a surface-barrier detector in the ligquid helium chamber.

The configuration near the centre of the cryogenic space is shown in
Fig. 2. The electric potentials of the entrance window (A) and the detec-

1ooot . — —— —
20}
ol
po
5 100:
=)
&)
: 101.2 1.4 1.6 1.8 2.0
T(trap;sec)
Fig.2 Center of the cryogenic space Fig.3 Alpha-particle counting with delay time
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tors (E and F) were kept at +2 kV and 0 kV, respectively, and that of
the grid (B) was +2 and +1 kV. The latter potential value was applied
during an out-beam period after m certain delay time To from the end of
the in-beam period and a measuring period was started. During the in-
beam time and the subsequent delay time, the grid potential was kept at
+2 kV. By changing the delay time, alpha-particles from 8Li — §Be = o
+ g were detected by the surface barrier detectors. This configuration
enabled us to keep the produced snowballs in the vicinity of the grid
when they were produced and later to transport and count them at the
gurface-barrier detector.

A delay time spectrum obtained with the aipha particle counting is
shown in Fig. 3. A solid line is drawn for Tiz = 250 ms as fitted to the
measured pgoints. This proves that snowballs are detected by means of
alpha decay and the present alpha-particle detection method is also effec-
tive in determining the lifetime of snowball. We obtain from this observa-
tion a typical value for the half life of snowballs as 352 + 82 ms, taking
into account of the half-life of 5Li nuclei. Our previous value with a
conventional electric charge measurements produced a value for the half-
life of about 1 s at a temperature of L7 K, i. e., with superfluid helium.

4. DISCUSSION

The observed lifetime strongly supports the view that the snowhalls
are as long-lived as many radioactive nuclei. Still the problem remains,
if we are really observing snowballs. The answer is indirect but the
drift velocity of the charge carriers we are dealing is in the right order
of magnitude as that of snowball measured before by Meyer and Reif. 4

The lifetime obtained here is slightly smaller than the previous value.
The reason is that the lifetime is the maximum expectation value in the
measurements. The expected value depends slightly on the configuration
of the apparatus used, morecver the alpha-particle is short-ranged and
may be lost during transportation without reaching the surface of the
detector, thus a slightly smaller value for the lifetime is quite possible to
occur. In a previous measurement with a conventional electric charge
method at 1.7 K, the lifetime obtained has been about 1 s, Tt is
reported, the lower the temperature, the longer the lifetime of snowballs.®?

We are still far from inferring more quantitatively the internal struc-
ture of snowball, whether it is most likely of solid entity and it is highly
symmetric, i, e, a picture of highly permanent cluster of helium atoms
around a charged ion.d The conclusion of Atkins' estimation in terms of
the classical thermodynamical approach is plausible still at this stage and
this description gives a clear idea; electrostriction effects increase the
liquid density over a large region surrounding the ion.
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5. CONCLUSION AND QUTILOOK

We have obtained a. tvpical value for the lifetime of snowballs by use
of alpha- and beta-particle detection. The lifetime was in the order of 1
s. This assures that the lifetime of snowballs are long enough so that
the nuclear spin polarization of many short-lived. nuclei can be maintained
throughout the lifetime in them. This will supply us with an important
means to explore, whether such snowball has'a highly symmetric struc-
ture, most likely a permanent solid core.

The "freezing-out" of polarization characterizes a snowball as an
ideal stopping material for preserving nuclear polarization for the purpose
of determining the electromagnetic moments' of unstable nuclei, irrespective
of what atomic number they sustain and how far . they are apart from the
stability line. This will definitely open a way to further use of exotic
heavy-ion beams® to expand the study of nucleus from the conventional
narrow region close to the stability. line to an ample unknown space in N-
Z plane. _

This novel detection method of snowball will enable us tfto observe
more closely the transport phenomena of alien ions in liquid helium. Pos-
sibly the use of He and sHe beams will enable examination of new phase
in the problems of liquidity and solidification of bulk helium as nucleated
by naturally occurring ions.i9} For these purposes pulsed beams of heta-
active nuclei will be introduced inte the liquid helium as impurity ions
and the snowballs formed around radioactive nuclei will be detected by
the beta-ravs rather than alpha-particles from the short-lived nuclei and
the spatial distribution of the snowball will be measured.
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A AV ERIBEOHEENRENES L L TESL, CNOLDHEZIERD TS (AD
BRSSO ELIZI0E Vo N ERETHEOTHHERIZE A ERTET
br, BhkeEoy s sy FobitlEnTE{ llETE L, MddgeHAF '
vEMETAZ LILh Ihs ERENFERI NS, Thbb,

(1) electron strippinglZ & » THF A 4 ¥ 25 HT 5

(2) E-dB/AxZEDRE & o TRERKZ BT S,

(1) wowTid, BMESFRI+H3DLOMBERFObOREENICHFELEZNILE
FIA L ugem™DE R OWERG (FAH 5 VvIREFEE) 88 ¢aEReiTe+
L EDBH 2O A VI LTOHT S, (2) o Tid, #05MeV/ETL LITM
FT2I LIl o TRIBBICEARTFHINET Yo DL HER ENRIE, REidT
BNy 7Ty FERFECNSRECE D, FEEIED THWREANER L RIK
PERINE I LR D,

EBITRER ARG CEE TRV LT b b BEEII0PUT E Vo 7
BMEMEOSHHAMS ORI 52 RS0 T, RFITHLT 2 lppm L ANVT
SENLREAORFY THIRLACHEB LB S EIHBEZETLII LIRS,
S, BHEA T UM, BHVIEREFRDTOBMEAS & VIR IR ETREEFIT
WX TOREHELERT L. TNOHPTAMS OHWMHERETH S,

AMS BEBGEH O —HWSIEE LTHY L Tw5 ERBKRTIEHEWI v,
P
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L4A-AL*S {Tarnql-A0MeV)
fnj i3 w: ‘;;a i w?: 112 - #r12Ai82
34 KMIER Y AL F VAL D £ e L e e
ﬁ/f j_ -‘/éllm(;m?') § 1t | n ] 20T = l.UUDn“ k|
ESL ﬁ 1
Ton Sputter target Typical ion b Meksbe ] L ]
current (LA} AL-2 3 (Gnemistey Blank)
Be’ BeO+Ag powder 0.1 : S U
"BeO BeO+Ag powder 3 L 2,2 < zein
C graphite 300 1o’ \’» 20 . o counta 1
FIeD
Al Al metal 4 n d
Ll 5 N JJuh _‘II | : L i ]
ALO+Ag powde 1 : 128 25F 384 §12
_ Lo CHAHNEL MUMDER
*Si silicon crystal 250 fErerny)
s sulphides 200
S Fe metal 4 2. AR TR 2 na*A" 0
Pt Pt metal 150 ANF-ZRT b, RS SD

D&M 79 v & BN E AL
Ytz V—ryillbinv, Y7 iy
Y ARI0ppmiERFCMAB LD
HIRICE— 2 (10"1) *R1bhsk
A b, MgH T S nsz b oot
HamEshs Ly b,

IR SRR LTEER BT IC oW TR 2ok M4 EME I nTBY (G8E3)
RO ERICR D EONEL LTRE > Twd, AMSOMERERICY V7
A2 AT B L1 0L CHEWISRT I ENTE S, UTICAMSHIER
DHIKE, REO A oAb, ASA F VA, sk, DA 4 AT, RO flE
ATy T THERT %,

3. AMSHlER OB

3-1. A4V

BREOAMSESY v FAMd 2 M s bonKEEL 5D TwE, BNAEOA +
VARIZIEA A V= AL B ANy FEVAEI ENFVH, ¥ Y FLATRAAF Y
TAHTBEDOT CsAy ¥ —MEA F VFEIBL TS, CsOMBEM (ionizer) %A
CD., CsA A VR L CMAORRTEHERT 2 LI KTERL, HLOEHAPLH
WEA A VEBREBLISENTEDZ L)AL VA TOH 0PI TS, AM
SHEEHOUEBHILOST VBN TH L5 6 ~RICEHDRM L RP LR EHITT
Lo bl b, FOOLHORELFIFICHIL, Ly MR ETERARRET
BAHZZXALMATWBEY, '

CsASy F BT BEA I YEROHE (4 LEhF) &, BHHITROTEFHM
F o3, REETOHIIEE (CSBOE & 4 &ICEE) | BRHETF O3 25 8 K
HT20T, A4 VLo TEDREBH, FAURTR, Middleton D 7 — & BIBE I
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o0 BEHLERRBBLERANy ¥Ry A+ VLR EZZ T LW,

AMS KB4 A VIEOZEE LT, SDidh, HEFAS YOI TLELFH
FTENY 2 7Ty FOERRYS %, “C, ¥Al, PI2IETA2HE RIS OFEER
N, ®Mg, PXeDBA A VHFAREETH S LV IBOTEVWLEREEFH L, EECh
SHBEAAVELTIMHEERI SN Lid %, ML AR Xh, HlAETFAA
VEOTASITE S WHEER L2 & ) S —8D b ORI hH» 5 20T,
HEBMAS CHFREBICLVAET L EXFTED, K2 ICIX*AIDRER 2R,
BB EA 4 VHOSSDTEEA A YOI ANVF— R AIE L2 b D TH LI, ¥Al%
SFhVERL AR CTRPACHY T A AN F-HRIR Y -7 R S v,
26i YCa FOBAICIE, REBHEOIAMY., BAN Lo TRAFTVEE LI PLE
L EEAA 4 v (USi, YKE) OFESFRBBTHICTERLBIEIEICES, &
DL RBEAFERDGFRAF VPFEETR VSO (SiH,, CaH,) % AFINEAS F
YELTERESFESERIN, BIIL T,

3-2. AgtA A o

AFVFEPOEDE-LZHMA A Y DEPIRI TR —AF Y, FTAF0FE
n, BERBCSINARMY I LAMBEOLDDEDL LT LALERD A F VFEN
BATLEESsTEV, LMo TTRTODA F % ASINET 2 H5ER5E % BryLL
HRBFETRE V. AFHERAC L > THHNEHEDRA F VT EBRT 54, R/%y
FAFVDILANF—FHOER, 5FAF 2 OFRODICAFERAZIT TR
VFE-DRL MDA F Y HBASNEE N IHNELERTE LV LD H D, BELIRA
ERICEHESHEEMA T ZECEERAL TV AR TWwa,

3-3, HIER

Mo A4 70 b0y E2FIHTEAMSBBEETRIZLEAEREH L. 414V
DETRREI W, BAA Y RBECBILIRAEEREAS 4 O REREFIAT L
“Ch EE L OBENEEAOER L EEBIT A LN TCEL, YU TAPRERE R
ST EBRIIWKHLDOEY, BB FVIEETA 70 2 vy TITLEEHRFEL
T#H 5B, Berkeley ®Muller, Bertsche & @ &7 )V — T E4E15em DR A B A © H w7280
BG40 2HYAAMSEERMEL . CA 4 v BB EZEOcm. 40kV E TH
FEL, BERKR VAN OUCoBmICEII LY .

HNTE DL OOMIRdEAx I £ AR TFHEINSE L v, ZANVF -2 +45KE
(T BELEBFERETRER oA F YT BT ENTE, BWEBHEOMER I IER
BEEOBKBML ) KEVGAICHERE OGHETICTENTE L, 470 bO Y,
BRI, 7 VR ARE T — A — 2 B L ARSI OEMIH v s it 0
34, NEY — TR

S ERA (EQMQDIHT) DEMCBETIER O ANV ¥t (Bgn
SHF) « BET 4 NVE — (ERQ/MQDGTHT) DI b nhE2MLRAGLEND S,
DEDEHERE T U IREF A & OMFELER - BELIC & o T, B 2V F—irds
TEEHNOREEG LA THELTE), AFHINEA 4 Y OPIlEe R b b
DHH T Umomentum® b OIS REAZ ERBTH I LI b, CNHIIH TR

e
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T T [
160
z
I
— >
O 140
@ &
A &
S <
= S 120 R
a oy f
® .
] L | : P
45 50 55
DISTANCE ALONG FOCAL PLANE (cm)
AE(S”*ERES ( MeV)
b)
a)
[¥| 3 . 1'? I 2,1-’(-,. &4 1\[ T I‘I&TU@{;' ot IoBe/!Bel;ls.EX'lO'n
a)” CaDPEH™, TOF+AEEIL L 5, 10tk
AEE windowll & o TKE QD% “Belr 245 A7 b
7% - T b, b)Gas-filled magnet 2 ¥ oo
L BRI, 4+ T30 % |
F—2TMeY. FALEStore 7 7 2! S P RS VIS § W V1T S
v —s8— - SSDIC L B s (k¥ v MC/MC=IEXI0T ng 28 Ay b
+ o 1005 )
YFR) 23 FARIERTCOS T ne
£3.0MV, "Belt3.5MV. "CHCH & ot LN
LTABLZ- b ot iEA & D¢
MmAEee s ik b, YN 10'#!1 SRR il "
HBNH LT 5, Faednl{zhii—)
c)

Bt CcE - LT ARG BRI L 2 0TFOBRVWTIEB R IPLVWDOTH S,
3.5, HRibgE

E-dE/dxB oM B (DT 0TS, TEHHT OdE/dx L SSD%) H3fk b FEHE
BHREETH B, TTY -~ (@RBEXRHTAE) £SSDOMEE TH1-2MeV ./ HT
DELANE -4 4 THREAL IO TNETES (B3) o 77V —21—-D
FARPEREROBENVFENE LI N KEVEEZTORECLEDTH L, BLHEC
% EFBEERODHENHE L EDTRENETEMY) Lol 4 v & LTHFIEH
TMET B ENH BT EE OS5 MEIHREEZ DAL LD - AT AHK
XD, CORNBENLT 2 2o H AXREMOBRA MW Tt e LTH
WhERD LI TERY,
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4. JESTiE

LERMAAR I T A RGBS, T b LA EbPNIEEDTLRORE
2o M OMIHEE KDL EBTE S, AT oMM EL KDL &R, —F
BOLRERMGEML TEORMEREA B, AMSORETHELR ORI ORAKL
DHETH %,

4-1, BEEEFA

RENEKAOFEAELIEL THET 2 HEPREEEF N TH S, KEFRMED
HREHRTMET S &40 FAAKICHE LT ASREROO-E LEES *EET 2.
F2-IMEBOE —A I VAR—FRONRT A5 LRERGLTHRIEES, EEE
HERENEENTRTH D, ANBRATF v v N—OBME /7 VAR EETRX
Kbk DR EEEAST L TINE L EXRET S HER, Fa—JeTHRESVTA
ISR R L7 o # v FANERO L) RHEROMERTERELE
FHAGFT S L IMEEOBEBAFTIE LY — AR REL 2 b BFETEANVY THED
BELUERL. BEEORS VEMATEREE o) | BEHEEE &) RVigH
(BEm) ASTLEHMLBHEHA THE LETERST 2. BEEEEITZ) &
AAVETOE—LABDSLOXDHEBY/NELTEEHRLDH L, HEBFBEOT
MCREIEEAT T DOHETER SN (£05%LT)  APREEH TR TV 2 REMEK
IR R O RDEFTIEL 1Y,

4-3. FEEEHA

BEEROFHIRBRA, BRSOREMVE L 5. KEERAEZTHOEVWASTF
v I G HESCL2OPRALNEHEONEICHI L TWwa,

P A S TP A4 v 2RBETIARY -2 2=y - 3F20—2T, K
KHVFATHI Lz WY —AEZy—3iE, QIEL & LT HEEL T
BEOWMEBENSFAAF VEFIHTLILOTH S, CO” AE=s—4 4" ZEHWA
A F Y ERBICASINESNED, ¥-LA M)y N—RENVTBRERTLEAF D
SHLHMBOFEA 4 Y Emomentum DT VA F v EFEZF—FTAHILITEN, E—-LDFE
BREHMDZENTEL, BA 4+ BN THE L RSO E AFRIDEIR
WEL., BERAMEOERE (AHRTHOEZ Y —flH) EOM% & - THEAMALEHE
T35 (H4) o ZOHFETIRAF VEROARENE, IEHRTOY — A ERROKEH
BRI NAEELEVWHSEYFD S, |

s GBI ALTR (recombinator injection system) '® i3 U S — AM SH AR L 72
LbOT, HAER TR FORNTE= B2 BRSLELIDELFEZLNS, HSITR
T L AL LECEEOEEZ S L BB UAWEE S V7 AlN#ES
AEHT 2 HR AR L, BREVCAZEACHREIN T, BANLHRICOV» T
¥ RSN RV,

4-4, WAL —bDFa -

AMS KB A HEEOA Ay E— A F VERE L TRHBIETELWIELY

WETHLDT, E-LDIIEFEIRHINOTRPLETSH S, MHFEI MOy
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MRS FATORIPE - NEZy =1L B
AMSTERB LU F—- # LR, TAdrvan  TArvel AN AT
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FE—A2FET L S0, AEAC-A2RMALAD, MEF~NOALA 4 ¥,
HWEERBDOA 4 ¥ OMg. Bt FNEFREILICR S L) A4 Y HZ TR ENICE
ATREFR, IEE~A S VAR PROFAELIT) T EHFTEL, BHERERH
HE—AEZy —ERETREERNMGA A v RE=d — A4 F VOB ITERHEHIC
BonZOT, TOR) v PEREFAL TRAKIKY ¥ FLAMBSFOBERTE/LET %
) T EHTE (slit-feedback stabilization) . #E v & 15 GV-feedback stabilization & Y &
L WRENTETH S,

5. MHEE, BRE, AEHE

5-1. Bz

BEBHREIA A VRTHBINBEORIIH L TREHSFTHEI L ETH S, A
Ny & — ENTREE T OB OSMKelAE D 4 F VLRI & DELN R, AT Y
b,

E=EM,,

F 72, IERIREASTR MERBLOY - 2HREROY - AFE AR, E— L DF

BEBRICBY L2 ENGTHOHe,, MEBROYBe OB E L TRT T EAITE B,
N = &E, &

g AR L7 & 9 KRB OILEN, TREILRFTFDOL 4+ MERT v v (EAF
V) L BFBEMAH B4+ V) WEAESND, MiddletonDEBH A4 A Y IFTOHIE T
RKDEDREFBLNRTVES,

BeO'(1.8%,Be0+Ag),C (9%,graphite;7.7%,C0,),Al (0.25%,A1,0,+Ag), CI (16%,AgCl),

CaH,(0.2%,CaH+H) % £ TH B, g iHFFICAMS 2 EPICREF S N2 MR TI290% L E
DB ER L TWVWD, IHEEK¥ESY v FADOHF TidBe, CAIETE20%EETH L,
& P AR DEE, E—ABBEEZRELTIERAMN) vy —FFVOOFELR
MEFLECLLENGHLY, OFERE(THIEFRA - A M) vy XTENMEE~NDHT A
DEHNAADBE 2| HEHO - ONBEEOEF TR AHEXRICL LI E—-AT R
REL D, COEBELHELTELEDICA M) yXBFVBI/NEL ¥ —FFFRY
T IEEDEESHL LB VIR T2 ) Lk EOMKI B ENT WD, g i,

iz@@ﬁﬁﬁk;5m$fé%o%u 21 EFEZTEV,

Lo TA v HEEMIT REFE NS F HWIEC, Qe &4 * LR D
%w&ﬁmﬁ&®@%$w%t—y—t&b\ﬁﬂ%mmﬁ@@ﬁ?ﬁ%nwmmT%
CENTRETH S,

5-2. L
BEAEOBEFBETREI EE) T L TCTRELZERTHELLTE D, LA LGN

EFRMEAZETRRLACOGENAVALOWEEBHL TITebRE DT, BE
BHEEREMMEIIH T TREN TS,

RIEBREDRENN v 7759V FOREETRE S, Ny s 797 FeELTRI
DDEXENH DL, WEHEEDNv 2 7o FERBOBERICHART ANy 7759
FTha, MIZERIERBOERLZAMOAF VL OBEBR EVERTH L, & iz
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Sy TN EEARTD ., REETOTOFHNER ANV ¥ —kE L2 28T

WETE D,
o % AT HAERE C5 6 Ty B IE e
BERFICRT LI 00 —F—TH 5. NISTHHBHERA O

Bo FHAHBEO AN E HIE L TESE MR LEH

BT AAMS BT b T 5
HEREIZIO DA —F—Th b, DK

le ID Be/’Be Measured
5% 1
x10

BAERTAHICEED T Y —vhA 4 NBS-1 3.02240.071
BELEEL, HEGMLZCGE— L% & NBS-P 3.09040.067
R LA OBRAZNE L BR ED (werage) 305650049
éijgéggggﬁ;égv;égé BSNBOI 3.090+0.080
BEEOR £ BT B IR 27 ) © & DSNNOZ - 00008
- : (average) 3,075+0.057

D\, TOHEEREA O E T D

#6. %Mﬁﬂuﬁf&%ﬁ?—?mwmﬂow%unmsowﬁmmMWWb@ﬁ
ﬁiﬁméﬁtﬂﬂfmmmuﬁtmm%&—xnwmbtwwﬁbtaﬂn
by AL : ASTI01-004F ALO+AGEVIHC I IENI X B & 7 RO A ZALE EA 6 Do
ASTSO3H 7] ASHE & = VAL L 7 il LA, B LT (e &b
£ b TV PR DRI % Ui R F 4%, fi L 2o 0 OB TR ARREUE R
EofitaRs v,

{a) '°Be standard sample ('"Be/’Be=4.98x 107"

Sample Number  '°Be Counts Tne/ Tog® ('°Be/*Be]

name of run {average) (X107% (X10°'% (relative to BSTS03}
BSTS03 12 2337 2.96x0.06 491x0.11 =]
BST-S0 4 2180 2.28x0.03 4,75%0.08 0.967%0.027
BST-S1 4 2818 - 1.50x0.01 4.831£0.04 0.982+0.024
BST.S2 4 1979 2342004 4.794+0.11 0.975%0.032
BST-53 4 2119 1.94£0.01 48342004 0.983+0.024

(b) Al standard sample (PAI/7A1=0.12x 107"

Sample Number ™Al Counts L/ T *® (*AL/AAL

name ofrun  (average) (x107) (X107 (relative to AST893)
ASTS893 9 5279 4.23+0,22 13.65%0.66 =]
ASTE01 4 3660 41.8 *3.0 13.99x£0.27 1.025%=0.054
AST902 6 3122 175 £08 1410043 1.033x0.059
ASTI03 6 4266 7422061 14.29+0.33 1.047 £0.056
ASTS04 6 3656 3.71%0.27 14.15+0.38 1.037£7.057

# [ =[%Be®07) [y=["Be"0")+(*Be'*OH ]
a1 =P80 Ly={"AI"]+["'B"0"]

M%ﬁ@%ém%ﬁﬁmﬁﬁ%ﬂ@%%ﬁkﬁmmﬁﬁtLfﬂw\%%@ﬂﬂmﬁ
?%ﬁﬁﬁéﬁﬁﬁo%J—Utiﬂkwﬁﬁﬂi%t\%ﬁﬂﬂﬁﬁmﬂ%%miw
‘M%Lmﬁ?%t%demi%@%ﬁfﬁﬁ@ﬁ%ﬁﬁ?ﬁtﬁ&%k%ﬁﬁLtt
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LT %, BIHEREHE Be, “CHIZ 0V TIKEELEHHARIET (NIST) OHHER
BOAFTE, OV OB OBHIZO VTS BIREMOMELBAF % bR T b,
FARNIST & Y B S ESZEHRORET - 5 OB TH %,
MEHEIRCHEKORH+RE LSS0 BRI LFMTE S, BAKY vV FAT
DRERBEOB 2 FSITRT. BESATVLIRLZVIEEL L T%e ®AlL “CaTl—3
%, “CTEERDH AN ICILET 50.5% AT OMEIEL TV 5,

6. AMS®DIGH

FITR L7 E I ICAMS OIS HERBO TEIRICb o T b, ZET - BEFE
4385 C it fractional charge, heavy boson %5 Mexotic particle DR IC AM S D FEIH v
Hit7z L. PauliDHHMBR DB OTAEM £*F PNe D IBELE ICEFHRTICA o 724k
) OFADPCERELEEBIREINTNSEY, 281 MCa, T, Fe D PR #5lE S 1
720 TRERBOBESHEOBREFBES T TEL LI oD TIRLEERT IH
RICHERZROHE IS B bR Twi, LETOHBHEFHERNE~ O
SCLACATIF 2 P NIP2, Wb PRIETEET A TH 245, SO OERE
EOTELDLDSP-86DFMTF AL ML LD b R R HEFHRTFRG DL VARSI
b,

FERAIEE, BRRENL VLT ELRFLOP AT LT LETEELRE %> T
WEDT, ZLOADELERERT LHE LA V87 FHKEV, AMSIT & 21 CHAR
PED0.1-ImgD R FFRE, BEITL o Tix10pgTH IEFE, »ORBIZTEDZ L)%
27720 ThB, AMSITLB2ERPESTEEZIFALREDOEIE L TIE M)/ DEH
i A(FVALOBBEHALZODEINTELFBHEICES N HTH LI EHL
Pk ot) RTT VA, ARS yOFEEEE ERICH S R RENIE) OEMRH
ENDICHE EDH 5, -
F - EMFEOSETIECH, 'C% E ODNAZHIC £ AR, EH &N D, AMS %
BEFERE T SRETICHUHEEOBE v 5 2 22K ORUEM TR 8B % 5,
—HBEEITLES & LT OAMSOFI AR, LBAL EoM BT SR 0B E
BRILFES OGN EIA S,

HWAY V7P ATCOREDIIED O 0SB BN T 5,

T3z ADMRHEICE T E3PAF L — Y — EEBPD

TVIZTADPL—HF - LTI nE TCRELEEGORVAELIFATEL D,
720 #0720, FEGTEOL P THEAPTORBRHII VIO TRV, TN
IZVLARECLDALSHE, ThAWIYNAT—RHKHEG L TwL LD H ), 73z
ADRITBIAMABIRECHEKODEEZATHDL, AMSEHVNIT AIZ F L —
= LTHATZ I LT E B FECEHLAPACOWTRRESHESE~O ) 2
HhETy PEFEWIIEL, B L TR FREOMEBP~DADE Y AL % 5 —T5
HEIZ L7 FOFRTNVI = ARBICHEFCEVWERETHIATL (EHEOH—
Faol) 1SHOBUHHACRECBELR IRV LD THEHL Mtk o/,

B R HETFIC & B BRI -
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6. Zv B AT I =y AMUH-EA
B — R, PA s B EL
Pty A hTsh, BRI
AR LR LAEINL TV,
D, M XAl #20E -5 T
BALTWAT bR b,

12 - T T .
14N{(n,pa)i?Be :

10 "‘:

= ¥ AVERAGE (p-Be)

% —— SAND2 ]

2 sf rh NEUPAC

3 .

5 F4

| -
Q

Cross Sectiou [mb]

L0 . 20 — .30 — 40
Neutron Energy [MeV|.

150 — — : I .
E 7Al(n,2n)* Al ]
125 -
E — SAND-II
‘°°*E‘ 1 NEUPAC | -
s E O Iwasaki et al. | _
50 | __:
E 3 o
2% . © -]
m
P | . | N |
Q a 20 30 30

Neutren Energy [MeV]

Distribution ratio

10° 102
3
N
2 N . .
107 & %, « liver/brain 10° }3
8,
p 4 E
| \ Q
1077 s 1107 :9:3‘
O --=-=-- [ e e rm e =n o+ g.
-E_ E; brain -3 &
[
ol T {10° 3
+blood/brain 5
r{-l
10" 10°
0 20 40 60 80
Days alter injection
8 ] . 1
L 160(n, He)14C ]
S ¢ X AVERAGE (p-Be) -
o ¥ AVERAGE (p-Li)
Q
T — saNm
€2}
P rh  NEUPAC
S
S 2
ol L
9 oo . 20
Neutron Eaergy [MeV]
L — — —— T .
C natgi(n,X)?8Al :
350 — . ) -]
= L AVERAGE (p-Be) ]
= 0= =
E P % AVERACE (p-Li) ]
3 C C E
S e SAND? ]
CJ R |
@ +  NEUPAC B
] 20— ]
E ]
O ]
10 _:
P P Lz . —_— J_‘]
20 23 ple] a5 40

Neutron Energy [MeV]

7. ESMPE T & B"Bey MCy PAVEEFUT LML R, unfoldingD itk & LT
SANDIL NEUPAC® 2 ik & MR %R Y, ¥y PlT-T 2V F— 103
T B EHETH R e L. Rk a7 % o AR b — 18R L 720
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FMTFIC E AR EHE TR TFIC L 2R - ESECoOMBEROERISTSH
h. FIE IR T OBEM. TRk ETORFBEHEEROENIE TS H, 2D
FCHEICERAOEECEVEEIEE TH L, TR OERCHEREMS Z &
HHELPRETCOEHBIC L IBEER 2 EENIGERT S ) R THEMENL TS L %
% LA CORNN 2 REYEHE2EL L L) 2 TENEREI LI LE
YL, BFISEH A4 20 0 v OBEFE—L 2R YT A, UFV AT =4 v PTHET
TELNLWERMAETHT (p—Be, p—Li FMTFHE) 2HVTBe, “CBLU*A 24
L. AMSIcL o TWERAIE LS ELFIRT, b DEBRTIELI0 em™l
15 O Fluence T T 2 10-10ME DI L HIE L T B,

7. SHEOERE

AMS IZHE D TEWEREE L HIERIRIC L o TEFMASMEZE oA TR ZF L <
ALz ERPEE VL —F 2T LT 2EY - ABERRE - B EOTHESP
Doy BRI FRr Rt Lo22H b, LA LBERTIREVWTENOAMS 35 ktYy
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TABLE 1
Specification of experimentat conditions

Initial source Target Thickness Measuring
Run Nao. activity {me) material {element mgicm®) peried (min}
A-l 0.35 Th+Collodien 3.0 1944
A-ll 0.40 008 2.2 3345
A-1Y-1 0.23 ThO: 2.9 2760
A-IV-2 0.23 Ta il 4380

Metallic feil
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TABLE 1
Electron lines observed in the present experiments.
Narmui (&)
A% ((19Tel =416 pCiand A% ("1¥Te) =40.5 uCi
Line Channel Eewp (keV) Energy loss (keV) E (ke¥) H 1{x107") T (keV)
(051 11348 337.23(51d)® 2.03 339.26 7720 £ 1350 1906 = 133 27x03
Cl+0 8321%% 329.57 £ 0.37 6630 %1280 145 = 31 2.4£03
c2 3177 32920+ 0.36 2.04 331.24£0.36 3350%£1030 80+15
o 8457 329.91 £0.36 0.31 . 330.22%0.36 2680 % 830 6520
Reverse (R)
A% (1T w324 pCioand o (M"Te) =451 uCi
Cl1 10507 338.47(s1d)® 0.79 319.26 8440 £ 950 1878 =211 1.8+02
c2 7268 33042 0.29 0.80 331.22x0.35 4050 £ 720 7814 1.8 04
a 605 £ 1 327422040 2.55 320.87 £0.40 3280 £ 760 6315 25+0.4
Bure (8)
A* (Te} =270 uCi and a* (""Ted =196 uCi
¢l 1045 £ 1} 338.35£0.30 G.79 339.141£0.30 3460 * 580 1765 £2%6 20x=03
CC2 732 11 330.56 £0.40 0.80 33136040 1860 % 560 6919 1.83£03

“Tolal number of positrons used in the experimentul series is A 3.7% 0% Talsec)/In.
*Standard lor encegy determination.
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TABLE @[
Specificacion of experimencal conditions
| R 1T 13eTh)

Series MNa. LeTsunez | 1010001 1034001 9727001 ¢917T0G2 |
Iritial scurce 0.%0 9.77 0.77 a.3¢0 6.37
acoivity(mCi) J

a)l 1
iy 0,148 0.145 0.144 9,132 0.137
Target thickness 2.18 0.95 1.37 l1.981 .10
{alement mgicmé) T
Resolution(s;} 0.3 9.2 2.2 g.5 0.5
AP/P
S0lide angle(%]
o 0.3 0.48 0.48 0.3 6.3
Hormalization
factor Hb) [-3]
HwJaT2Qn 0,150 0.0328 0,0470 0,111 0,123
H
sum 0.160 59.0796 0,234
a) 4 = exp{-0.693{T -7,/ T,,,J - exp(-0.583(T,-T,)/ T, ;). T,. T, and T,

are the initial, start and stop times of the experimental series.
Total numper of positgons used in the measurement is
J x4 x 3.7 x 10 % T, (ses) - 1nl.
b) N is proportional to the total events recorded by the detector.
c) n stands for the dectecror sificiency.

TABLE IV

Electron lines observed in the present experiments

Experimenc I {0

Line Enezgy ‘ Experimental Intensity . Reduced txperimental Cress ol
intensity racio iantensity ¢ross sectien section
E(Rev) 1 I X010 R l I gxtieh) i) alnb)
A | 195,43 1357211 10.5x1.5 8480+130
B 413,13 127418 1.0 154¢112
O [410.5%0.7 19416 0.23+4.13 181100 | 4504243 znst1;o‘54tJ
<0258
Experiment IT (U)
(__; . 395,43 305,2:101 1.3621.59 18355138
3 ‘ q13.1% 792113 1.0 997144
0 L+1a.310.1 i 17.6=9.4 0.223+0.123 ‘ 1118117 195:293 }15t1:?5:§;J
Experiment III (Th)
A | 4013 | 2070424 st | swssaieo | |
B \419.03' l 183+l 1.¢ [ 132431 l \
] P:0.1;0.4 \ 46 . 4518 0.23420.085 l 198,726 4 1 4702150 11“‘1‘3'?§J

a} Standard snergy.

B) Tha effective pach length in the target, 2, is taken 2.3{120.25)T.
PR /g
axp
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TABLE V

Zexa (GST) E4yry (INS) Moze M iar Heas M Mer  Maep = st Moz — Meai
keV) (keV? {ke¥) VD D MeV® (D (keV)  ID(MeVd (D keVi T (keV) (I (keV)
U 1.396 1118 1.508 147 — —_
; 2.3 1364 2.639 1351 — —
1 340 & 16 126316y 3.31 £ 0.11 1851 1544 397 1556 +18 +5
3. 630+ 10 . 18627100 455 + 0.08 +.82+ 1690 2502 1698 —I8 —15
330.8 = 1.0 1883.6(C0) <77 £ 0.01
- 50% %3 1831 (8) 6.1+ £ 0.08 3.966 1814 5.033 1819 +i7 +13
4102t 1842 6.25 &= 0.02
5 895z 10 1917¢10)  T.04 2 Q.01 7,109 1923 7164 1926 -4 -9
6 8251 2021 8.296 2023 — -

Hlass svstemarics.

M3 {MeV3)

Fig. 13
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7. Soft Multipole Excitations and Fusion Reactions in Halo Nuclei

H. Sagawa

Department of Physics, Faculty of Science, The University of Tokyo
Hongo 7-3-1, Bunkyo-ku, Tokyo 113

Abstract: Multipole soft excitations in a halo nucleus with loosely-bound neu-
trons are studied by using self-consistent H-F + RPA response function theory.
Sharp peaks with multipoles J™ = 0%,1~ and 2% are found near the threshold at
E_ ~ 1MeV having significant portions of the sum rule values and narrow widths.
The tail of the loosely-bound neutron is responsible to cause the sharp peaks in
the response. We studied also the effect of soft dipole state on the fusion reactions.
A large enhancement of the fusion cross section of halo nuclei is shown by using
the extended Wong model.

§1. Introduction

Experimental studies of unstable neutron-rich nuclei have been possible using ex-
otic radioactive beams produced by projectile fragmentations through heavy-ion
collisions. The main motivation for these experiments is to determine the masses
and the radii of very neutron-rich nuclei which have not been studied in the past[i].
Moreover, much attention has been paid recently to study the excitation modes
of unstable nuclei [2,3,4]. In this paper, I discuss only the dynamical problems
of halo nuclei: the multipole excitations and the fusion cross sections. The static
properties of halo nuclei are reviewed in my recent publication[5].

The giant dipole resonance was first observed in the late 1940’s and has been
of central interest both experimentally and theoretically. In a microscopic picture,
the giant resonance can be described as a coherent superposition of particle-hole
(p-h) excitations which exhausts most of the sum rule value[6]. In nuclei with
excess neutrons, low excited dipole states (LDR) might decouple from the giant
dipole state (GDR) while upholding their appreciable transition strengths[7]. Some
experimental evidences for the LDR have been reported in light[8] and heavy
nuclei[9], and they are called “Pigmy Resonance”. The LDR is expected to have
more transition strengths in extremely neutron-rich light nuclei like *'Li since the
ratio of neutron to proton numbers is bigger than that of heavy nuclei: the ratio
N/Z is 2.7 in ''Li, while it is 1.5 in *®*Pb. Moreover, it is expected that the long
tail of loosely-bound neutrons {so called halo neutrons) will increase further the
transition strengths of the LDR. The dipole excitation in halo nuclei.is named
“soft dipole mode”[10].

Recently, the electromagnetic dissociation (EMD) cross sections of light neutron-
rich nuclei have been obtained from the target dependence of the interaction cross
section[2]. The EMD cross section is attributed to the break-up process through
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the excitation of dipole state in the projectile. The measured EMD cross sections
of light neutron-rich nuclei show an enhancement compared with the results of
the standard treatment, especially with the high-Z targets. This fact suggests the
existence of low excited strong dipole states in neutron-rich nuclei such as L.
The projectile energy dependence of the EMD cross sections in *'Li is also studied
to determine the excitation energy and the transition strength of the low energy
dipole excitation[11].

Several microscopic calculations have been done to study the LDR in light
neutron-rich nuclei using a large scale shell model[12,13], the cluster-orbital shell
model[14] and the random phase approximation (RPA)[15,16]. The sum rule ap-
proach was also discussed in Ref.[17] in relation with the electromagnetic dissoci-
ation cross sections. In this paper, I will present the result of the self-consistent

Hartree-Fock (H-F) + RPA calculation in a halo nucleus '®He.

§2. Self-consistent H-F + RPA Response Function Calculations
Three important ingredients in our H-F + RPA model are as follows:
1) the effect of loosely-bound neutrons on the mean field potential and the particle-
hole (p-h) interaction.
2) the coupling of the low excited states to the highly ezcited resonances.
8) the continuum effect above the particle threshold on the width of the resonance.
In the present theory, the effect of loosely-bound neutrons on the mean field po-
tential and the p-h interaction is taken into account in the self-consistent way[18].
The self-consistency between the potential and density will cause essential differ-
ences between our calculated results and those obtained by the Woods-Saxon or
the harmonic oscillator model. Namely, the properties of the excitations near the
particle threshold reflect unique features of the halo nucleus, as will be discussed
later. The coupling of the low excited excitations to the highly excited giant reso-
nances was discarded in the calculations of the cluster-orbital shell models[14] and
the cluster sum rules[17]. In the RPA response function calculation, there is no
truncation of the p-h states so that the coupling is treated properly. The third
point is the continuum effect above the particle threshold which is important to
study the width of the excited state. We will take into account the coupling to
the continuum solving the equation for the p-h Green function in the coordinate
space.

I calculate multipole strengths not only with J™ = 1~ but also with J* = 0% and
27 in the nucleus °He. The nucleus °He has the same neutron number as *!Li,
and might have characteristic features similar to ''Li due to the halo neutrons. As
the effective interaction, the parameter set of the density dependent Skyrme force
SGII[19] is adopted both in the H-F and the RPA calculation. The parameter
set SGII gives reasonable values of the Landau parameters in comparison with
the renormalized G-matrix calculations, and at the same time also realistic single-
particle energies and densities in the H-F calculations. In order to emphasize the
nature of the loosely-bound neutrons due to the small separation energy of the
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1pi2-orbit, the spin-orbit force is taken to be Wy = 150 MeV - fm® instead of the
original value Wy = 105 MeV -fm®. The single-particle energies and the r.m.s.
radii of occupied orbits in '°He are given in table 1.

Table 1. Single-particle energies and r.m.s. radii of occupied orbits in °He
calculated by using the Skyrme interaction SGII with the large spin-orbit
parameter Wy= 150 MeV fm®. The mass radii are also given in the last row.

s.p.energies (MeV) r.m.s.radii (fm)

Ts172 20,66 1.7
v 1pap _7.51 2.80
1p1s2 ~0.70 4.57
x s ~34.96 1.99
(T2m 2.99

We took the cut-off radius of H-F and RPA calculation to be B = 30fm which
is good enough to take into account properly the loosely bound nature of the
neutron wave function. The H-F neutron potential is shown in fig. 1. The last
neutron 1pj/,-orbit has a small binding energy 0.7MeV in 1%He, while the 1s;/5-
and 1pj/p-orbits have large separation energies. The large r.m.s. radius 4.57 fm of
the neutron lp;/; orbit is attributed to the small energy separation. We should
notice that the neutron potential V, in '°He behaves very much different from
the one in %0, namely, the tail of the potential behaves as a screened Coulomb
potential like e™#"/r or e7#"/7? in °He. This behavior is also completely different
from the Woods-Saxon potential.

A0 p~——————T17 1 17
1Pase

v, [MeV]

r (fm)
Fig. 1 The H-F potential and the single-particle wave functions of neutrons in
10He, The H-F potential of *°He is calculated by using the Skyrme force SGII with
the large spin-orbit parameter Wo = 150 MeV - fm®. The potential in **0 is shown
also by the dashed line.

The strength distributions of the isovector dipole states are shown in Fig. 2.
Compared with the unperturbed response, the RPA response below 10MeV is
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quenched to some extent by the repulsive isovector interaction . The response be-
low 4 MeV is dominated by the halo neutrons. Namely, the sharp peak at 1.6 MeV
is due to the neutron excitation from 1pisz- to sy/2-state, while the strength at
E, ~ (3 ~ 4) MeV is originated by the p-h configuration (da/ 1pf/12). The strengths
in the energy region E, ~ (8 ~ 11)MeV come from the p-h excitations from the
neutron 1pgz orbit. Two peaks at higher excitation energies E, ~ 17TMeV and
24 MeV are due to the proton p-h excitations from 1s,;-orbit. The quenching of
the strength distribution below 4 MeV is small: 20 % of the unperturbed strength.
On the other hand, the strength at 10 MeV decreases very much due to the in-
teraction. The peak of the RPA response near E, ~ 12MeV has only 1/3 of the
unperturbed strength and the remaining strengths are shifted to the higher energy
region. The idea of the decoupling of the low-excited Pigmy states below E, = 4
MeV from the giant resonances is supported by the present numerical results. The
transition strength below E, = 4 MeV exhausts 7% of the energy-weighted sum
rule (EWSR), which is very close to the value of the molecular sum rule for the
oscillation between the halo neutrons and the core[20,17]. The dominant strengths
of the EWSR stay in the energy range E, = (10 ~ 30) MeV.

20 pr——
= | §
I ]
;1.5 it wHe —
o L ] 4
3] F 1 -
é IV Dipole ]
=19 - -
3 ] 1
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o
(%D.E ] j
E = 775 MeV 1
| r i
o0 Lot lo) ‘ ] P S U B B F R
0 10 20 30 40 0 25 5 75 10 125 15

Energy[MeV] r (fm)

Fig. 2 The strength distributions and transition densities of isovector dipole
excitations in 1°He. The dashed curve in the left window shows the unperturbed
response, while the solid curve corresponds to the RPA response. The calculated
transition densities are shown in the right window with the collective Tassie one.

The transition densities of two dipole excitations at E, = 0.775 and 16.4 MeV
are given in the right window of Fig. 2 together with the Tassie one. The tran-
sition density at E, = 16.4MeV has a shape similar to the collective Tassie one,
while the low excited state at E, = 0.775MeV has a transition density completely
different from the prediction of the collective model. A similar transition density
with node has been observed in the lowest dipole state both in 0 and “°Ca[21].

§3. Threshold Anomaly and Quasi-Rydberg Nuclei
The strength distributions of the isoscalar monopole and quadrupole states are
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shown in Figs. 3—4 together with their transition densities. It is interesting that
we found in both cases sharp peaks of the strength distributions at E; ~ 1 MeV

2 [ —— T T T
102
':E TRANSITION DENSITY
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2 —tbp \E=tiMev BP0 -
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1 ' I ]
E 10 E [ “ |
e G i |
L — 1 4
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-] o L
e I
§ 100 N M
@ [ E,= 32.5 MeV !
_1 — x . —_
10_1 b e R A T PP RIS U WP S R JJ
0 10 20 30 40 0 5 10 15 20
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Fig. 3 The strength distributions and the transition densities of isoscalar monopole
excitations in 1°He. For details, see the captions to Fig.2.
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Fig. 4 The strength distributions and the transition densities of isoscalar quadrupole
excitations in °He. For details, see the caption to Fig. 2.

which exhaust 30 % and 25 % of the EWSR for the monopole and the quadrupole,
respectively. The remaining strengths are distributed in the higher energy region.
Although the highly excited resonances exhaust most of the EWSR, these strengths
are much smaller than the strengths at E; ~ 1 MeV, The transition density of
the monopole excitation at E, = 1.1 MeV in the right window of Fig.3 manifests
a typical compressional feature having a node at » = 5{m. Nevertheless, the tail
becomes longer than the ordinary Tassie one ,being affected by the neutron halo.
In the quadrupole case, also, the calculated transition density in Fig.4 is affected
by the halo neutrons having a node at 3.5 fm with a long tail.
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Table 2. The radii of the excited states calculated by using eq.(2).
J* T E,(MeV) {(r?);= (fm)

o+ o 1.1 8.67
32.8 3.48
1= 1 0.78 9.12
16.4 4.22
2t 0 1.4 10.16

We found sharp peaks near the threshold in all three cases J™ = 0t,1” and 27
studied in this paper. As is seen in Fig. 1, the calculated potential of *®He shows
a long-range nature. This potential shape suggests a new kind of shape transition
from the normal nuclear potential (the Woods-Saxon shape) to a Coulomb-like
potential. The long-range feature is caused by the self-comsistency between the
nuclear density and the potential. The density dependent part of the Skyrme
potential can be written as

v (r) = —ap +bp' ™™ (1)

where the values a and b are positive, and can be expressed by combinations of
the parameters of the Skyrme force. The value o is taken to be 1/6 in the SGII
force. The wave function of the loosely-bound state 1p;;; has a tail ~ e fr

with g = /2mE/#* at large distance. The value E is the separation energy
E,,,, = 0.7MeV in **He. Thus, the neutron density p, in the potential (1) behaves
~ e~ /2 which determines the tail of the attractive first term of eq. (1). On the
other hand, the second term of eq. (1) is repulsive and cancels with the first term.
As a net result, the H-F potential behaves as a long range potential with a tail
longer than e 2" /72,

It is known in atomic systems, like hydrogen atom and alkali metals, that
the excited states have very large radii and long life times when the electron is
captured in the orbit near the threshold. The long-range Coulomb force gives rise
to these specific features of the excited states in the atomic systems. They are
called Rydberg atoms. In the present case, the long tail of the halo wave function
in the potential in Fig. 1 is certainly responsible for a bunching of these peaks
although the calculated states in 10He appear above the threshold. The typical
radius of a Rydberg atom is ten to hundred times larger than the standard radius
of the atom 7 ~ 1A. We calculate the effective radii of the excitations in °He by
using the formula ,

2 Jlépiridr
{r)s TT6od7 (2)
The calculated values are tabulated in table 2 both for low-lying and high-lying
excitations. We can see clearly the enlargement of the radii of the low-lying ex-
citations compared to those of the high-lying ones, and also to the radius of the
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ground state y/(r2),, = 2.99fm. The ratio of the radius of the excited state at
E_ ~ 1MeV to that of the ground state is found to be about 3 , while those of the
highly excited states are close to 1.

§4. Summary and Future Perspectives

We studied the multipole excitations in the halo nucleus °He by using the self-
consistent H-F-+RPA response function theory. These states hold the features of
the unperturbed p-h excitations although the transition strengths are much larger
than the single-particle unit (the Weisskopf unit). We found clear strong peaks at
E_ ~ 1MeV with the narrow widths for three multipoles J™ = 0%,1- and 2%. The
dominant p-h configurations of these states are the excitations of the halo neutrons
in the 1p; ;-orbit to the continuum. The bunching of these low-excited excitations
is caused by the long-range nature of the single-particle wave functions which are
common in halo nuclei. It was pointed out by Efimov[22] that a long-range force
induced by the loosely-bound nucleon produces a bunch of bound states near the
threshold. We have shown that the transition densities of the low-lying states are
quite different from the Tassie-type ones and have three times larger radii than
that of the ground state. It might be quite interesting to study these states exper-
imentally by using the charge-exchange reactions, for example, 10Be(n~, 71 ) He,
19B¢(°Be,’C)'He or °Be(**C,*0)'He, and also coincidence experiment between
two neutrons and ®He. Tt should be noticed that the peculiar features of the nucleus
1%He might be the same in the case of *'Li since the last proton in the pg/;-orbit
of 1'Li behaves as a spectator and does not change the low-energy spectra below 6
MeV([14,15]. It is pointed out recently that the pairing correlation might increase
further the transition strengths of the low excited excitations[13,16]. Some pos-
sible candidates of the predicted states in halo nuclei have been found in *'Li[3]
and ?He[4] by using the charge exchange reactions. The latter case is particularly
interesting since the nucleus *He is unbound.

Finally, I will mention a recent study on the fusion cross section of halo nuclei
in collaboration with N. Takigawa[23]. We consider the fusion reaction of *'Li with
208p},, There are two important mechanisms to increase the cross sections. The
first one is the lowering of the potential barrier due to the halo neutrons outside
of °Li core, and the second effect is the coupling of the translational motion to
the strong low-energy excited states. Calculated results of the coupled channel
calculations are shown in Fig. 5. The interaction potential for the scattering of
the neutron-rich nucleus L is constructed based on the double folding procedure
of the M3Y force. A two channel model is used to take into account the coupling
of the translational motion to a dipole mode of excitation. The excitation energy
and the transition strength of the dipole mode are estimated by using the sum rule
method which gives consistent results with the present H-F + RPA calculations.

We can see a huge enhancement (up to 4-th order of magnitude) of the fusion
in the case of the separation energy of di-neutron € = 0.2 MeV in comparison with
those for € = 3 and 8 MeV. The dotted line with open circles is calculated by
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the potential model, i.e., ignoring the coupling to the dipole excitation. Roughly
speaking, the difference between the solid and the dashed lines corresponds to the
enhancement due to the coupling of the translational motion to the low energy
dipole mode. The experimental separation energy of the di-neutron is found to be
(200 ~ 300) keV for 'Li[3], so that one can expect a large enhancement of the
fusion cross section at low energies involving ''Li. It would be interesting to study
experimentally the predicted enhancement of the fusion cross section.

~ Fusicn excitation function (mb})
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Fig. 5 The fusion excitation function of a neutron-rich nucleus ' Li with 2*Pb,
Each line and symbol corresponds to a given value of the separation energy of the
di-neutrons as is shown in the small windows. The dotted line with open circles
was obtained by ignoring the effect of the soft dipole mode. The right and the left
arrows indicate the heights of the potential barrier when the separation energies
of the di-neutron are taken to be 8.0 and 0.2 MeV, respectively.
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9. Three-Body Resonance in 1ILi

T. Sasakawa” and S. Ishikawa®

Abstract: A resonance formula is derived in terms of the interaction, not
employing the channel radius. . It is argued that a thgee—body resonance 1is
a very rare ev??t. Applying a three-body model of “Li-m-n to a hardly
hound nucleus Li. a calculation is tried to find out a three:body

resonance state. The result suggests that if the potential for the “Li-n
interaction is wider-ranged than the folding potential that we wused for
calculation, we might have a three-body resconance.

1. INTRODUCTION

The resonances are classified intc two kinds. First one is the one-
nody (-type) resonance and another the many-body resonance. A big
difference in these cases is that in the first (second) kind., a finite
(infinite) number of degrees of freedom is participating to form &
resonance. An example of the first kind is the psz,o resgnance state in
He which is described almost in terms of a neutron and “He, whereas the
example of the second kind is the particle-hole excitation observed as the
giant resonance in the dipcle photoabsorption as well as fine resonances
known as the compound nucleus levels. A big difference between these two
kinds of resonances is that in the first kind, It Is necessary to have a
centrifugal barrier to keep a particle inside the system, whereas in the
second kind, the presence of the centrifugal force 1is not necessarily
required, since the successive interactions keep a particle inside the
system for a long time. The successive interactions give rise to a gquasi-
stationary state, that appears a&s a rescnance. This difference 1in the
resonance mechanism results in important differences: (1} In the first
kind, a resonance can occur for p and higher partial waves, whereas in
the second kind, a most of resonances are in the s-state. The three-body
resonance belong to the first kind since the number of degrees of freedom
is smaill and {2) in the first kind, the resonance oCCurs only for
exceptional cases as stated later, while in the second kind, the resonance
occurs relatively easily as dynamics of the system. In Table [, we
summarize what we have stated.

resonance

barrier to have a resonance

The first kind needed not enough hardiy occur

not necessarily easily occur

i
|
|
{
f
needed f

[ |

| I

f !

I |
The second kind | |
- [ i

Table I. Property of resonances
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The purpose of the present article is two-fold. First, we formulate
the resonance theory for a three-body system on the basis of the Faddeev
equation. The formula is derived in terms of the interaction, not
employing the channel radius, Especiallg, we discuss that the presence of
the centrifugal barrier is not encugh for a r??onance to occur. Secondly,
we try to calcglate the resonance state for Li, taking the three-body
model of n-n-"Li. This system &s interesting in that the singlet n-n
system is not bound and in the n-"Li system, " the s, o Or pz,o states for
n are already occupieili namely, forbidden to enter, &nd the P o State ig
a resonance state of Li. There are arbitrariness in determining the n-

Li potential, but in any case, these properties should be satisfied.

I[I. RESONANCE FORMULA FOR POTENTIAL SCATTERING

To aild understanding of the resonance formula in a three-becdy system,

here we rezcapitulate the resonance formula for a potential scattering.

For a system of the second kind, we can not usually obtain the precise
wave function, nor it is possible to describe in terms of an interaction a
resonance whose width is the order of eV. Tﬂerefore, the channel radius
gand the logarithmic derivative of the wave function at the channel radius
15 assumed so that the amplitude may be large. On the cther hand, in a
system of the first kind, we can formulate the resonance formula in terms
of the interaction without introducing the channel radius. How tg handle
the exact resonance, ?s in the case.of the P3/2 state in He, was
described in my book'’/. In the present article, _we alsc discuss the
lnexact resonance, &s appeared as the Py/2 state In 5He.

II.! Exact resonance

The relationship between the incident plane wave | ¢v> and the
scattered wave :¢f> is given by the Lippmann-Schwinger equation

1§ = 19>+ GyViy o, | (2.1)

where G, denotes the Green's function and V the interaction. The Green’'s
function is expressed as the sum of the principal part PGy and a separable
term

Gy = PGy -%:4”&:. (2.2)
The standing wave function I¢S> satisfies the egquation

> = i+ PGVIESy. (2.3)
The secattering matrix T and the K-matrix are defined respectively by

T

1]

V o+ VGOT (2.4)
and
: K=V + VPGOK. (2.95)

After some calculations, we see that the scattering amplitude <¢:Ti¢>
is expressed in terms of the K-matrix element as
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<Fikid)y
' 1+(_;;,)<¢|h-\4>7

< iTid> =

(2.6)

To the kernal PG?V belong infinite number of

{Sturm-Licuville

b =m(PGOV)+n. (2.7)

Let us consider a case where A,
behaves for p-wave as shown 1in
Fig.l (Fig.9-6 of ref.1) and
An(E) =1, (dAp/dE > 0) (2.8)

is satisfied only for n =1 at E = Eg
and

Ang1(E) < 1. (2.9)
We normalize'!{f1 so that

<PV = - AL (E).

An=1i}

eigenstates ¢, satisfying

1 _—

l.'l'| 2.0 r

[

PRI N
Using this function ?1. we introduce the Green's function % by

A . oy
g = PGy + ¥l

{(2.11)

If we eliminate PGO from Egs.(2.2) and (2.11), we obtain

_’\
GO 8 7

A
- (i gl

{2.12)

With this Gree's function g. we define another matrix T by

T = \vf + \'Ié\ﬂc

(2.13)

in terms of theT matrix, the T-matrix is expressed as

{

T TS T rig)

i+ <¢|'1:]}}'>+f;- CARIL

@IT (2.14)

If we make use of (2.7) and (2.10), we see that the equality

, - A
(PG + {Yp<Piivity
A ~

=)51{1’1> - YA =0

As a result, we obtain

A
Vit =

-~ Ka¥
g\","i’l) =
is satisfied.

<d>"t"?> =
[ tF1

and hence

- A1 (E)

(2.15)

(2.16)
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“2, (E) - <HbT 4y
V-, (B) + i ¢l Ti¢?

- 24T =

2151—3 €)*3, -5

T WEIEE AR (2:17)
where
3 =—taf1ﬁ.¥1=t<$:w+>. §2=%*¢It§ti¢>
SI:M ,\Szzflgl (2.18)
(+ E2
Since
MREYZ 1= A () + (B - Eg)(SE-gg )
A o
= - (E - Eg)5E)eeE, - (2.19)

if we put A (E) in §l as ‘1 and define the energy shift SEO and the
resonance width by

5. L <bivigy eIty
0 @*/DE)thc kk)01‘ﬁﬂ <¢IV1¢>)(§E o (2.20)

S E

L %, L <Hini7 (2.21)
| /e = (an /BL)E:Q‘ k (l1~C)<‘HV’ 4,7))}\. k. .
£Eq.(2.17) takes the form of
—a — 4 1/2.
(2.17) = 21§ (58 -3 5) (2.22)

LC'L\’SL)+ 2

Finally we get the amplitude fy for a partial wave ¢ in the form

AT

_ . b ei% -2ik
z - e {e 1 p—=— SE"’AF/L (2.23)

and the resonance formula

i} T . -2i% AP 2 | :
= (2t l)-?_ie L+ R YA : (2.24)
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*ir)
2101
Vired

Lo

In closing this subsection,
we note that forQ,Z_l,m/aE?E:Eo
can be positive and negative.

The positive (negative) case 1] hegtitaee

ask

may be called echo (resonance). 21 echo
We see the difference of the :

; O el
waves in these cases in Fig.2 [s] peten

(Fig.9-7 of ref.2).

] +
an 1tk

r{fin}

11.2 Inexact resonance

There are cases in which ™
the maximum of A, _; is a _
little bit smaller than 1, and . th_z
Eq.(2.19)is no more valid but

L

1 - A(E) = 1 - { Aj(Eg) - (E ~ Eg)2iddAddipag /2!).
¢ (2.25)

In this  case, .the energy dependence of the “"resonance™ 1is no more
Lorentzian as in the case of (2.24), but Gaussian. In place of (2.23},
the amplitude is expressed as

- ' 215{8'21§ -1 + 2*‘3-:l | of =

L
f, = -—=e _ N
k.Q ¥ T WS TR Y S AL

»E?

£ g
(2.26)

In nuclear physics, this difference has not been attracted interest,

_buf in solid state physics, this difference attracted much attention.

III. RESONANCE FORMULA FOR THREE-BODY SYSTEM

II1.1 AGS equation for no two-body bound state

The scattering amplitude for a three-body system wheg? there is no
bound two-body system is dederived in the following manner®’.

Let f’ be the initial plane wave state. The total wave function V of
the system is expressed as a sum

l‘L = 19+ \{’(1) + \)["(2) + (-,b (3) , (3.1)
where
G (
¢+ timitcliyE+ i) ¢ . (3.2)
. [ 4]
and
6t} = Gau 6. (3.3)

If we make use of the relation (3.3) and
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6=06y+ 2 ¢H(Eiey (3.4)
and S .
G; = Gg + GjUsGp (3.5)

we can easily derive the relationship

030 = 1im H€[G(E + 1€) - Go(E + 1) + GUj oK) (E + 18]
\l' £330 0 3 Jh‘f‘} qQ

= Gpry® o+ GOtJE: o (K (3.8)

Now we define the transition amplltude UOO(j) by

)

UOO(J) ot o4 tjGO(UOO(k) + Uoo(l)), (3.

j }

Eq.(3.8) is written as
) .
w(J - GOUOO(J)C# (378)
Therefore. the AGS scattering matrixs) Ung for the free-free scattering is

given by

(2)

(1) 4 gy

i 3
Uge =Ugo ¢ Ugg'® (3.9)

with (3.7).

II11.2 K-matrix theory for three-body scattering

Now, having Eq.(3.9), we define the scattering amplitude from a free-

state f, to another free state f; by
< .
- 1) 2) (3)
Thn, = Tnnc( * Tnnc( *Tan, (3.10)
where
(j) - il
TnnUJ " <fnaU00( tf c). (3.11)

Here we used Eq.(3.7). We express Gyg and tj-as a sum of the real and
imaginary part by

o
Gy = GO - i X I <hy! (3.12)
and ki n .
YD T A Rt TN (3.13)
here it T L R, T |
Ry = V5 + V;00R; (3.14)

Using Egs.{3.7) and (3.13), we express UOO(j) as

Uoo(j} = Ry ¢ RJGO(UOO(R) . Uoo(l)) - 1LRj Iy e R f.1Ugg- (3.15)

In terms of the permutation operator Q,
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&Kgo'3) = kg™ Koo(l?. (3.186)
we introduce the three-body K-matrix by
KOO(J) - R +‘ﬁjGOQK00Fj) : ;tfﬁiszE{ Rj. (3.17)
Subtracting (3.17) from (3.15), we obtain
Ugg ¥ - K00(53‘= - ixoo(j):rn>{;:fnsub0. (3.18)
Summing up, we get
Ugg = Koo - iKoo'fn >l pilgg  (3.19)
where
Koo = Kgo'd) + Kog'®) + Koo't (3.20)

Now multiplying by <fm. from the left, we get the K-matrix expression of
the three-body S-matrix for free-free scattering

(9 pn * i%g:fmlxoogw}<'fn;UOO:fnc> = (fpiKgpifp,>.  (3.21)

As in sec.lI, this expr55810n leads to the resonance formula
Since 60 defined by Eq.(3.12) is a real symmetric matrix and by
Eq.{3.14) R; is also real, there should be a seat of real eignevalues A
and eigenfunttion {Ap> satisfying
GO0l =hgi (U =7RV) (3.22)

To derive Eq.(3.22), we write

. i _s 2 ik
Kgo? = L Koo’ Ry (3.23)
A .
Then KOOJk satisfies the equation
. —_ “~
which may be written
~ D_,A
K = 1 + RAVIK, (3.25)
N R - . ~
Goik = Gl + 6OTRGUTR = 60T + cOuc’k (3.26)

Since RGOUGOH is a real symmetric matrix, we obtain the orthonormal
condition of [ A > as '
()nﬂRi}n>:'a“A;,j (3.27)

As a result,
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cOucl = )_)s,,.).x)sn,. (3.28)
Making use of (3.25), we can express ¥ in the form
~ . - n -
K =1+ R60L o3 'f) Ry <A1+ RGOT ). (3.29)
n
Finally,
~ 0_ z‘r‘ 0"
K = KR = (R + RG'IR) +2 —=5~RIA 1 (R + RGTIR). (3.30)
sl h

"If we compare (3.30) with (2.5), we see that R + rGUTR (the real Faddeev

scattering amplitude) plays a role of the potenbtial V in the potential

‘gcattering. If we use Eq.{3.30) in {3.21), and if we keep only the

maximum eigenvalue j,. we get the one level formulia for the three-body
system. :

IV. RESONANCE IN lLi

We take a three-body model n-n-°Li for 'Li. We name 9Li the
particle 1, 'whilg two n??trons 2 and 3. We assume that E?e spin and

parity . of bo}h Lé and '‘Li are 0°. (Actually 3/2” for and by
assunption 3/2 Li, too.) The total wave function may be written
¥ o= F(1,23) + $p(2.31) - $g(3,21), (4.1}

where jk in the Faddeev component'z l(1 Jk) denotes the interacting pair.

In this form, ¥ is antisymmetric with respect to the exchange of neutrons.
e denote the interations between neutrons by V,, between a  neutron and

or Vs and a forbidden state of 9L1 and the neutron 3 by
.? (31 . wﬁereby the particle 3 cannot enter into the state, which is
supposed to be already occupied by the particle 2. The set of the Faddeev
equation may be written as

§1301V1:@2“§’3> (421)
Ty = Cylpl - 3+ 3> - PP (31 Pe(31))- Bz + B (4.2.2)
Fg=-Clzidy v B+ :4>f(21)><95f(21):9-:;2 +&>  (4.2.3)

where, if we denote the relative distance of the interacting pair by X,
r-'f‘{
GoVo is defined by

1
v, -1 dp{———— - | 31)> ———
2Vo Fe(31)>¢Ps(31) f Fp(2)>dpf Fe T .jl’f{ }> -
4> (31311¢FL(2) iV, - (4.3)

It is easily seen that EEVé does not contain any projection to the state
e,
311GV, = 0. (4.4)

This equation means that the scatter1ng~system 1 and 3 can not get excited
to the state 4;(31 by the interaction V. In fact,¥ does not contain
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the state ¢¢(31) as guaranteed by the equation
(Pe(3NLT > = <Fp(31)) B f§é-,§3>
- (P30 &y - By ¢ P3GV - By ¢ Ep
- :¢ﬂ3ﬂ><?ﬂ3ni-§3.+é1ﬂ= 0. (4.5)

9 We adopt the Tosaki-Suzuki forlding potential as the potential for n-
Li system. It reads

v(n - OLi ) = fQLiH.Oi1V3—range¥GaussNN:gLiH'Of) Vg0,
"where the first term on the right hand side takes the form of
Vyesp( - (x/5)2) + fyvgexp( - (x/bp)%) » Vzexp( - (x/03))

where fy is the strength parameter. . We take a super soft core potential
by de Trail-Rouben-Sprung for the nn interaction.

We obtained the resonance energy of 1ULi as shown in the follewing
table. o

P1/2 *P3/2 +Sy/2 Exp
1015y  0.493  0.385 0.248 0.800 + 0.250

E’I‘ES(

In Fig.3, the maximum eigenvalue of this three-body system is shown as a
function of the energy of the three-body system. This figure shows that
there is an inexact p-wave resonance near 0.6 MeV. '

2'0 T T T T [ T T i | ! 1 T T 1 | | I 1 I
AL i
1.5k —
i B i
1.0 -
L 1 i
/\1
0.5+ ]
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10.  HH AV F— B
— Y I 2 -3 VI L B

RERFHER EHN MW

FA A AHRIGOAS TS LT, BE 3 D, ROZSEBETSNET

(A) #OFETH. BHHEORESER

C OETEAE 588 & LTt (1) Multifragmentation, (2) Particle( v,m, «-+) Produe-
tion, (3) Sideward Flow s &M& 0 &4,
(B) &4 4 v ERSOEREE S Evolution,

RS ORAIIEAG = 4 V¥ — EEZRBM S B U TR TH- T, KCHIST L bDEFIET D
#1374 Fusion, Deep Inelastic Collision, Incomplete Fusion, Participant-Spectator
Reaction, Multifragmantation, Total Explosion, - LWV BHWTT,

13 UHOEBEOHREE L TAT T &, B4 VRIGTERS N AROGETRIERN T LN
ST b I WO T, RIS L AR RN A0 T, E R RIHIBORED
BINEEL TS &, EFICBHIIRISEED evolution 2RFH IS SHF—FICidds 5icit, #
AT SN DT, BA 4 VEISOWENY 12— ¥ EVWIDR, TOKSEIHIC
A BRI T (1.

&@@ﬁ&tfd\i%ﬁyﬁmmﬁmWVi;v—vaV@ﬁbﬁﬂﬁ&ﬁo@fﬂﬁ#éc&
Hoit LT, Fofeic QMD Es AMD FEicow T LELGERL AW ERLE D,
QMD & AMD & 2ERDRROERICL D £

B4 A VRIEAIRT 2 & » TRYBERIE, (1) TaBoid, (2) 7574 v+ (812
7575 —) EROIGHR, OToNBDET. HISEOHRT GRIREINEEL 7 7 25 —HIRIE S
PEFHOBERGAEEERs N L, B4 VRIDTOTEPRE Y 7 25 ~EREPRUT
BHRC. SN FBERD unique EETT. QMD &e AMD kb ik J 0> DERER -
TOWBERRTT

CoHT. AMD i, BIERLEDLTEEY V-7 TERALHRDI LiH LBy Y2 L — v a
V@Wﬂqﬁ?}f\ ﬁ\é%@fﬁaﬁm/ P4 —3 yﬁxéféfﬁﬁ"]f‘%ok@iiiﬂlf(s (3‘5‘) %%gﬁyﬁﬁ&?ﬁ
florialb—va »ELTREIHTDEDTT,

- QMD #ig Frankfurt 70— 71 i X0 BARHV SN TOEFA, < ZTOEBMNICWT
it Fhfe B DI - T TOREERL LE T Tl & E 4,  HARPETER, NEFEL AL
W ATHAO=SE T, BT 2~6 tulE. K6 AR, X 8~11 /NEFE. OEtETY

SEOEO—EL (& LT QMD oGRo—#45) LEE S L 28R E L TREZM
[2,3] 2. EXic k28 LTREBE [ 4] 2IBHVLRT L,
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[2) #HA7REENY I av—ra YIE

<2-1> TDHF 25 VUU

TDHF{ Time-dependent Hartree-Fock ) Bifud (B BFAMERR TN, Chi3THE
OIS FO 0T, BEHAMFARED AN SHTLWERA, O, BE{CHohThaLS K
MNHZ ANVF—PER-TLAHEL I TOEETREM A VUDIIMEL A, ZITTDHF
OIRED B A RSN TRE Licds, B4 A+ Y RICTORORF ORI E > 7o b QIREV LBV E T,

FoTERITHOATVAC &R, TDHF 2EH8FEIL TEWTEA + »RIGIGROER icfitd
BEVWIETE, Viasov HERLEWH O TDHF 2 HHUFL L CH N2 0T, —ESHER
R BRMOEHREFER. »F nBEHERN T, BV ARZAAF-TOHEASF X
oo, TDHF LEILTH 2 EREIREBERA, L LIAS, Viasov Fig
R LTHL &, CHITBEHEFEE ANAERNEBGEIES J EBTEEIR DT,

2 W T-EZe ol OBREHEEE% Viasov FERiclarA b, VUU 5503 BUU &
ranspthiEdcd, Vlasov( Boltzmann )-Uehling- Uhlenbeck 0#g#rcd, < iid
phase space 2% ¢ @ cell ic433I L TZ D& 4 % test particle &3 ARFHEERVE & & CHfER
BHEREE 1T - 1 b D TH[5,6)],

AF T R ILFE—BIEEICE R A L 2BTEEOMEDIR Y, EEBOMRLD b hCERE
THHEVWIIET, PR EMET 2 OM, FEE (BN 2 Ar—FETH 3 LRAREET

PLEaigs T AR E R T LT O L 5 T,

Cascade  —- + - Q—J—(- = deoilision,
t or
of . of ou 8f . |
vy E T a7 B o7 ) ap - Ico”z.swn(Paulz),
of . of OU of _
Viasov —5?—*-1)-@77_@77'8_}3;_0‘ )

22T f = (7, P) H—EnTi. VaFRE. U, Lotision & Teollision( Pauli) i34
2T (Pauli) 2 [ Pauli IREZ@ 5 < E2ELET

VUU/BUU ii— 5720 2 5B TT» o, —(YEROHEREBRBOW DT, 7
52 4 R A OO K EREE T, 27T, VUU/BUU 318 percolation @F-H:%
HAEHEBEETS 5 R 5 —HRERDILD O, PROZ(CASRTVES[T, LBl Th
VUU/BUU iR 0ic 7 5 R & —EREEABH fluctuation 2H0 AR AR NSNS
EBREINTVWETH, FHREFELEL ORI EEVE T,

<2-2> QMD

2 5 25 —HEROERVEE T~ VUU/BUU E2FEL Lt R sns o QMD &
[8,9]chssELEd, VUU/BUU it test particle ofds—>0R T Y40 EH ( Nofdh) T
HHDICHLC, QMD ETid—> OB TFYh—o0 test particle 2iFfH$ 5 L2 E T
D EHICE, —o DT E—2>OEHETRTDOTY . EHROLSD &, FAEOFESNEL (H
HENZLIGEC TG DL IICEID, PHROYREERT B QMD Tt HiREDTY S
2RIFHEEAND L AR VUIU/BUU &ELTY,
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VUU/BUU & QMD TiRfIlgs 7 X 5 —ERROiTRic K& SAHEN 5 5 0% b 2D LAY
2t ok 3ic, VUU/BUU & QMD &:HBELTAHES, EBL0HETH, REXTO
. —oOFHN—20 test particle 2H+ 2L L4, COLITRELZHMELC, £ho
OMIRE AT L TROTITC O T4, VIIRHEE LTRERMCHEL bOERALEY. O
D—-—DFH% event LIERI &L E T,

QMD oiBait. k> REHMD events OBFUFEREERF O TIT (I, event ORlici IO
L CPNTITIR S 0T, FIASRESMICREILTH - THOMENIKEELv 4L, i,
B THRTO 2 BT OHRROEHBOAWIZEEERVT 2 BTFHEERIER LD LD E
C240T, O OEHICL- T, —o—2® event 3% 4 HINCRIE - 1BRRREE LE T,
-, BERMICEICTHRES SHEELTH, WAWSEEN -1 RIEHRVBFSNEDTY, O
i3, Br ORIGBROEC 2B, $bBKEREIGIEERS L0WHE T,  events O
WY, MEROHEOBRITRENPNEIVEEI LAV T,

Parallel calculation of many (No) events

t=to ® © 9 9 o]
o 0 00
) . Cp-—--“"— —""—-—-> Mean Field Poteatial is
Fig.1 Comparison ] Calculated by Averaging
of VUU and QMD. ' Parallel Events at Each Time
o 090 .

Average over events

in VUU causes dif-

ference from QMD. V UU

t\/ NN VN VN N
i |

(time) Total Number of Events No
= Number of Test Particles per Nucleon

Calculation of many {No) events :

t=to ¢ (? o) Q
6000
Events are Calculated
Independently
o000
t\b NN 7N N
L |
(time) No Averaging Procedure

— Large Fluctuation
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—#7. VUU/BUU o, FEie IR S B 700, B0 events OERREER
WTAT BT . RESZEIC2CO events REBHHEL - T— AR E L E T, JO—&
TR & 0 PSR & . ENERVWT. RO~ O events DEEFRBMITTHINT T
- O ED b, QMD OISR L T events R DAEE & b, & event NTCOERFED
fluctuation & MBI TLE S I ERKLDDOTY, VUU/BUU icBWT. DT D
test particles D¥ No &k E->TWVW2 D3, e D& events OBHOD 2 LTI 2 ORBIPD W
#ipslmEnEd, QMDEVUU & O EolEER L IRLTEEE LT,

QMD ik, 735 2 4 — R O3 R TRRIC T )] VUU/BUU EEFELLALEREING L
gmitﬁﬁ\iﬁbtk&C6u\%ﬁﬂﬁﬁ%f@emmsKﬁéﬁﬁ%toTAWQEQﬁéﬁ
T HOEDIEND I ETT L, o FREIE > Ak, QMD & VUU/BUU &7k
test particles OEROIA N L5 ) FETEHL THPR I ¥ Ao test particle DEEEROIED
012, EEHROEESGSL CERAND L) IRSYEDSHOTTH, QMD TREFTFHAED
test particles ok D EEERET ORI LT, VUU/BUU izl ANo{ED test particles
X nEEERE LI V0T, QMD OB SHEOLSEDBREBLDTT,

<2-3> AMD

AMD[10,11] & w5 g, “Antisymmetrized version of Molecular Dynamics with
two-nucleon collisions” QESHRTH, fEHUCE LI QMD ZEGHME L7 DT T, QMD
HETELCEMALET LS 0, B A vEROIRICKERAARZSOTTH, TNT L% ORRE
EARLATVET. ZLTEOEE, HTO7 =V IFEMEL b TV SR L
TS, HAE. BEREORTHEFL0% E3ahaELITHET, QMDD offi-Tw
BERAEAD T & L F—REREEIEEOTHH, SO & [MAEERONEIAR Lol #
Fhin UB ARV EWd ey ) FHEOEHFERLET, ST, 0T ) FEBOE#EM L
e T E N R 2 & LTy HR 2 B R AR AR O BT A IR BL <
simulate LTWATL& 237 FEiF INBEHRELE B LETODTT, FKEHRICE-T
LR O BT OB ENLRERC R ThH L WOTEM, L LB oERNEETTOT,
ESIELCHRT NEEWTT,

AMD o S L 5, QMD 2RMFMEL7Z O TTOT, 7 7 A5 —ENNIR
EA L REETE. FINOBERELEAMEEIL. EL CBGEHME LA Eik> 07T, K
B EBRCRRE NS L EAE T AMD (i ER s O RIRE SR A T O
- () BIHNESTY, B/ A YRGOREE Y s~V YEERT () BT H0E
AMD g TTT,

<9— 4> keBEERY s L— Y YEERROEENEE

AT, PlboEc BT ANEEN Y Ia L — Vs SRRSO AT OMGE, 21 i
HTHELIe oo TMDEEWS @R, FHTEIARTENFO L & T, BFRARITT, %77
kDA 2 GEIER T, XY VECEODRE simulate 270, XY UEF e
NENSEEESAYT B O EbiTbng (12 MDET 2BTFERE A TRLTHHDE,
stochastic 71 2 BFEZLAEMA LTV AR TRITVIERWVEERF ORI ER VTS L IR
<o
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TDHF O x x
) | sam
z :
AMDR' o O O
(RRIFMEY
\
(h-—u(])&
Vlasov O X X
Mok
(2 BT
VUU
(BUU) o O x
s/ |
E v
N QMD o O O
" NM)
(2BFER
HAT—FK] x 0O x
MD A A O

Formulation o#{Hg

QMD i [ 8,97 Tid. —2OBFER—-OH Y AFRTERL T4, 2ROFEHE I
5501, FhoDEETT,

®=II7_;8(7)x(s),

$(j) =20/ 7)) exp[—v(F — D;j)? + iK;7/A).

o TXRHEET-0 spin-isospin BMAR L £ ¥,  HooWE D L EBR K osEBEizKe Hamil-

ton IR THAL b0 L, 2HTFHEREICLEZLDEHDET,
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o 2T Pk L, BT ORBEET T, 2 T ESR. 2T OMED: & Dy bkt dvy =
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Fig.2 Incident energy dependence of frag-
ment mass distribution.

fragment OHBEEKATED QMD HEOEEEEE S ol I IcERF 5 LOEERLE
+[18], 0 +1°0 g7 — 5 HBFIA 5L THN +12C %o 35 MeV/u g & *Ar +
2T AL T 44 MeV/u oS B BHESRLTED $3, ABTRLON QMD StEHAT
5. BRI LT, AFITRE WA EREOKE P HERRBTVOSSPD T CDEHE
. O TOWERIIAE CRVEVIRCAERL TV EE T,

o~ v v v
'E . (2) “N(35 MeV /up'*C |
~—” Py / \
g ]_d’ - Q ‘\ -
Z 1w L
2 v
N 100 ' “‘ : d
8 10~} -
H Vo
H
, , \ ¥
b 10 15 As

Fig.3(a) Fragment mass distribution in 14N(35 MeV/u) + *C. Open circles
are data while dashed line shows QMD result and solid line the result by
"QMD+decay’.
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Fig.3(b) Fragment mass distribution in **Ar(44 MeV /u) + 2TAl Open circles,
dashed and solid lines have the same meaning as in Fig.3(a).
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EfcvEBOE A, K6IORLAITEERY, HEoTRED ., HEA © U REOAS = 2 v+ —
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LrwEd, BERESIEERY 2y — FEEREO X 3 BRAEE R >hER~TVE T,

IEN +197Au IBN +197Au 15N +°3Nb
40 MeV/u, 5° 70 MeV/u, 3° 70 MeV/u, 2°

arbitrary

........
e

..

= o

<Jy/J>
&
o & =

260 280 350 870 350 370
P/A MeV/c)

Fig.6 Momentum distribution (upper) and polarization (lower) of ejectile of
mass number 14. The dashed, dotted, and solid lines show near-side and far-
side contributions, and the sum (upper) or average (lower) of them,respectively.
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' Fig.7 Comparison of energy spectra of Be isotopes between theory (AMD)
and data. Two-body spin orbit force is included. Dotted lines are by the
use of density-dependent central force. For odd mass isotopes doubled spin

values are shown.
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Fig.10 Time development of density and physical coordinates projected onto
the reaction plane.
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