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Abstract

The arse mea511rement Of the interaction cross sections and the interaction ra.dii of

unstable nuclei (He,Liand Be isotopes),were made at 790 MeV/nucleon by using beams of P-

unstable nuclei produced by the projectile
fragmentation in high-energy heavy110n COllisions･

In high-energy nucleus-nucleus collisions projectile
fragments are emitもedinto a narrow

cone with nearly the same velocity a5 that of the projectile.
For example when the incident

energy is about 1 GeV/nucleon, the momentum spreads of the fragments both in the tangential

and transverse directions are only a few percent Of the･incident momentum･ Specific
projectile

fragments were selected a･ccording toもheir magnetic rigidity
by uslng a magnetic analysing Sys-

tem and according to the享rdE/dx and time-of一旦igh･もbyusing scintillation counter革･ ･

The interaction cross sections qJ for collisions between these nuclei and the targets of Be,

C, and AI were
measured by uslng a transmission-type experiment･ From the measured interac-

Lion cross sections the interaction radii of these nuclei were deduced by using the equation

qI(p ,i )-7,[RI(p)+RI(i )]2

where RI(p ) is the interaction radius of a
projectilenucleus and RI(i ) is that of the tars;i

nucleus･ In this equation we assumed that the surface diHuseness of nucleus is eHectively
,

included in the interaction radius･ The separability of RI(p ) and RI(i ) assumed in the equa-

Lion wa月 found to be validwithin ±0.02 rm due toもhe observation that the interaction radius of

the projectilenucleus i5 independent o[ species of the targeもnucleus and vice versa.

The interaction cross sections and the interaction radii for all the known He and Li iso_

とopes and
9Be were measured, for the丘rst time, and the dependence of the interaction radii on

isobars (6Ile18Li,8He,8Li)and isotopes (He andLiisotopes)
were studied. The interaction radii of

lightnuclei, including unstable ones, showed the mass number dependence of roughly 1.2×^ 1/3



It was also found that the interaction radius of
3He is larger than that of

4He･ This is consistent

with the diHerence of their charge radii determined by electron scattering eXperiments･ How-

ever,もhe interaction radius of
llLi was found to be considerably larger than l･2×A 1/3･ A mea5-

ure皿ent Or the isobar dependence sbowsもbat七he
interaction radii or

6Li
and

8Li are smaller by

about O･1 fm than those of
6He

and
8He,

respectively･

The interaction radii RI Obtained in this experiment for stable nuclei were compared with

the root-mean-square radii Ere-8 determined from electron scattering･ The semi-classical optical蕃

model calculation, which assumes Gaussian density distribution for nuclear matter, reproduced

measured RI and R,e,n8 reasonably well.
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1. htroduction

Since Rutherford had found the eHect of a strong-Interaction radius of the atomic nucleus

inearly alpha-particle scattering (1929),much eBlort has been made
to measure the radii for

various nuclei and many methods have been developed during the past 50 years･ Althoughpre-

cise information has been obtained from the electron scattering eXperimentsl･2,3
a5 Well a5with

other electro-magnetic probes such as muonic X-rays4 and isotope shiftsS, they are prlmari1y

sensitive to charge distribution and thus to proton distribution. Matter distribution and neutron

radii should be studied using Strong-Interacting particles. So far the most reliable result on

matter distribution has been obtained by scattering Of high-energy pr.otons6･7･8 from nuclei.

High-energy proton experiments have the adyantage that the scattering mechanism at high

energy lS Well known and,there exists a reliable scattering theory which establishes the relation-

ship between cross sections and free proton-nucleon ampli七udes a5 Well
aB the nuclear densities

to be investlgated.

Nuclear radii of stable isotopes have been extensively studied by electron scattering,

muonic X-ray and optical isotope-shift mea5urementS. The di打erence in root-mean-square(RMS)

radius between isotopes and isotones shows a systematic trend with a strong shell eHect, e･g･,

the diHerence of radii is large at the beginnlng Of a neutron or proton shell and
decreases

linearlv toward the end of the shell9.1′

The isotope-shifもmeasurement has been extended
to

unstable isotopeslO･ Interestlng data

have been obtained on Hg and on alkali isotopes.Although the applicability or the method is

restricted
to

speci丘c elements, it already provides a challenging teSもfor our understanding of the

nuclear structure. In order to expand the study to a wider region in the (N,Z) plane up to the

particle drip line, we used nuclear beams o( unstable nuclei.
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In the last 10 years, projectile fragmentation process has been studied extensively in high

energy nucleus-nucleus collisionsll,12･13･ It has been found that a wide variety of isotopes could

be produced in the process and fragments could be emitted into a narrow cone in the direction

of the incident beam with the velocity nearly equal to that of the projectile.
This characteristic

of projectile fragments enables an e8■icient production of secondary beams of unstable nuclei･

In this experiment we have successfully measured for the ars上 time the interaction cross

sections (qI) For nucleus-nucleus collisions using beams of unstable nuclei. The JI is de丘ned as

the cross section for the change or proton and/or neutron number in the incident nucleus･ We

have then deduced the interaction radii (RI) of the nuclei from the ql measured in a

transmission-type experiment. The
secondary beams of unstable nuclei were produced by bom-

bar°ing a Be target with prlmary beams of
llB, 19F

and
20Ne

a七anl_,incident energy of
800

MeV/nucleon. The;beams were accelarated by the highenergy heavy ion accelerator (Bevalac)

at Lawrence Berkeley Laboratory (LBL)･ The produced nuclei were selected according to their

magnetic rigidity (P/Z), the velocity (βc)and the charge (Z). The secondary beams of the

identified nuclear species , e.g., all He,Li,Be,B isotopes and some C and N isotopes, were pro

JeCted onto reaction targets of Be,C and Al to measure the attenuation of the beam intensity
亀｡

due to the nuclear reactions. The same selection procedure was used to determine the number

o[ non-interacting nuclei･ however, in this case the magnetic rigidity, the veloclもy and the charge

●

.

were determined afterもhev had pa5Sedもhrough the reaction target･
■

The interaction cross
section qI IS Written a5

qI
≡

(1･1)

where A is the mass number o[ the target, NJl is the Avogadro number, t is the target thick-

ness in
g/cm2,

Nine is the number or incident nuclei and Now. is the number of non-interacting
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nuclei.

Tbe interaction cross section aももhe present energy reglOn i5 Simply relatedもo the elemen-

tary nucleon-nucleon total cross section, and the average nucleon density
p(r) at radius r

,

under the condition that the nucleons in the target nucleus scatter or absorb the nucleons in the

projectilenucleus
independently of each other. For the independent condition to hold strictly,

it is necessary thaもthe nucleon de Broglie-wavelength入and the range of nucleon-nucleon

interactions be smaller than the average internucleon spacing. The nucleon-nucleon interaction

range is c T- 0_3×10~13 cm, where c is the velocity of ligh七and Tis the interaction period for

a･ strong interaction. Aも790 MeV/nucleon, ＼-0.14×10~13 cm and the mean nuclton-nucleon

separation is about 1.8xlO-13 cm so the condition is well satisfied.

The interaction cross sections for stable nuclei are known to be essentially independent of

the beam energy in this energy region. It is therefore plausible that the interaction cross section

reaects a well-de丘ned geometrical nuclear size
in this energy region. It is thus natural to express

the interaction cross
sections qI(p ,i

) by the interaction radii RI aS follows

ql(p ,i )-7r[RI(p)+R](i )】2 (1,2)

where p a･nd i denote the projectileand
target nucleus respectively. The validity of this rela-

Lion is strengthened by the fact that the deduced radii RI(p ) and RI(i) are independen七of the

combination o[ projectile and target nuclei.

This thesis will reporもthe results orもhe measurements made with He
andLiisotopes･

In

chapter 2 the principle and the method o( the experimenもare described･ The production andもhe

properties of the secondary beams are
also described･ The data analysis method is explained in

chapter 3. Sources o[ error and data corrections are discussed. The interactiorl Cross Sections and

interaction
radii deduced from the interaction cross sections are reported in chapter 4･ The
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results of this experiment are compared with the other experimental results in chapter
5･

i
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2. Experimental method

2.i. Production of the secondary beam

The secondary beams o[ unstable nuclei a5 Well as stable nuclei
were used in the present

experiment. In this section, the production method of the secondary beam is described･ First, we

discuss the production mechanism Or unstable nuclei. Second, the prlnCiple or selec血g the

secondary beam of interest is discussed. Finally we describe the secondary beam line which we

used.

2･1･1･ Projectile fragmentation

ln high-energy nucleus-nucleus collisions, only those constituent nucleons in a
projectile

nucleus, which interact with other consもituenもnucleons in a target nucleus, take part in strong

nucleon-nucleon collision, and they are classi丘ed as participants. While other nucleons, which

did not interact strongly with other nucleons, remain intact as spectators. Figure 1
shows a

schematic picture or this process. Spectators, the projectile
fragments in other words, move at

the same speed as tha七or the incident beamll.

It was round14もhaもthe
projectile

fragments have, in the resもframe of the projectile, a

Gaussian momentum (P ) distribution

W(P )-exp

with

s-soJ雫

(2.1)

where B is the ma5S
numberor the beam, F is the mass numberof the fragment, and so - 90

MeV/c corresponding to the Fermi momentum in the nucleus.
The longitudinal momentum
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spread (AP) of a fragment in the laboratory system is

AP= (2.2)

For instance when 800 MeV/nucleon llB is used as a primary beam, the momentum spread

(△p) of
8He in the laboratory frame is about 2.2 渇. The spread in emission angle (△e)is about

0.7 degree. A highcollection e打iciency lS expected when the projectile
fragments are used a5 a

secondary beam, because of these characteristics of the projectilefragment･

2.1.2. The principle of selection for zluClide

'

In order
to separate nuclide of interest from various other nuclear species produced in the

projectile
fragmentations, the nuclei must be sorted using both the mass number (A ) and the

charge (Z) of the nucleus･ For this purpose, the magne,tic rigidity (P/a), the energy loss

(dE/d=) and the velocity (Pc)are used. The detail of each selection is discussed below･

(1) The
magnetic rigidity(P/Z) was selected by

adjusting the bending magnets, the focussing

magnets and the collimation slits in the secondary beam line.

The
prlnCiple of rigidity selection is shown schematically in Fig. 2. The primary

beam is
～

projected onもoもhe production targeもpositioned at Fl, the focus of the prlrnary beam. Among

the various nuclear species produ(,ted inもhe production target, the nuclei with diHerent rigidity

are focused onto diHcrenc positions 3,i F2 through the bending and focusslng magnets. A pall Or

Cu blocks was placed at F2 to degrade the energy of nuclei which have rigidity values di且-erent

from that ofもhe nuclei or interest･ Only the nuclei with selected rigidity areもhen transported to

the experimental area through the secondary beam line. Because projectilefragments
are emit-

ted with velocity equal
to that o[ the incident beam, the rigidity separation is almosもidentical

to the A /Z separation because P/Z-pA /Z-βmノl /(ZJl-β1')and βis almost constant.
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Schematic diagram for rigidity selection
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Here m is the nucleon mass and p is the momentum of one nucleon.

Figure 3
shows an example or intensity distribution of various nuclide aもF2, when the 12c

primary beam is used. In this case the bending and focusslng magnets are
adjusted

so as to

select A /Z牝3･ When we set aslit of5 mm width at the center of distribution, the secondary

beam of
6He, 9Li

and
3H

will be obtained･ After the magnetic rigidity selection, the secondary

beam is still a mixture of nuclei with di月-erent charges.

(2) The charge of the nucleus was identi丘ed by the pulse height in the scintillation counters.

When a relativisもic particle passes through a plastic scintillator,the pulse height is almost

proportional to Z2 for small Z. Figure 4 shows a pulse height distribution in a scintillation

counter, when
6He, gLi,

and
3H were selected by the beam line･ The 3H

peak is not seen in this

figure because most of the 3H was disregarded by setting the discriminator threshold to be

higher than the 3E
pulse height･ Clear separation between 3H, 6He

and
gLi was 0bserved･

(3) Time10r一旦ight (TOF) was measured by two scintillation counters (50m
separation)to

determineもbe
particles velocity.

When two or more isotopes or the same charge were mixed in a rigidity region,they were

separated by their velocity･ In this experiment, which covers only a small mass range A <12/.

the separation or nuclear species bv their rigiditv and charge was so clear that TOP sepa･ration■
＼J

■･

was used orlly
to

reduce the background in the beam.

2･1･3･ The bea- line for secondary beam &七the Beyalac

The secondary beam line used in this experiment at the Bevalac
of

Lawrence Berkeley

Laboratory lS Showrl SChematically in Fig 5･ The prlmary llB beam was rocused at Fl , the丘rst

locus a一ter extraction or beam from the Bevalac, and here a production target or Be (5 g/cme
in
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thickness)

was pOSitioned.

The uncertainty ln Secondary-beam momentum arises from two sources. One is the

momentum spread due to the production reaction, which
depends on the mass number of the

incident and the product nuclei･ (SeeEq. (2.1)and Eq. (2.2))The other is due to the diHerence

in the energy loss in the target between the incident and the product nuclei. The mechanism

which produces the energy broading lS SChematically shown in Fig. 6. When an incidenもnucleus

reacts aもtbe entrance or the target, the energy loss in the production targeもis that ofもbe pro-

duct nucleus. When an incidenもnucleus reacts at the exit of the target, the energy loss in the

production target isもhat of the incident nucleus. When the interaction occurs somewhere in the

middle or the target, the energy loss is in between. When the production target is thicker, the

yield of the secondary product will be greater as well. However, when the momentum spread is

larger, lower transmission e打iciency through the beam line must be tolerated

The thickness of the production target was chosen so that the momentum spread of the

product nuclei due to the diHerence in energy losses of the incident and the producもnuclei, lS

comparable
to the momentum spread dueもo the production reaction. The relation between

momenruum
spread andもhe thickness of production targeもis shown in Fig･ 7･ Here, 8He is pro-

duced byもhe rragmentaもion of
lCc

nucleus on Be targeもI From Fig･ 7 it is seen that a Be pro-

ducfuion target with thickness 5
蛋/cm2is optimum.

Various
nuclear species produced in the production targe七were then transported through

the bending magnet (Ml) and a set or focussing magnets (Ql) to the momentum dispersive

focus, F2･ Isotopes
with diHercnもrigidities were rocused on diHerent positions at F2 a5 described

in the previous section･ We placed the isotope slit made or a pair or Cu blocks (35 cm in length)

at F2 for degrading tile energy Or Other species which have diErcrent rigidity from that or the



Page 14

Schematic diagram for energy loss
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isotopes o[ interest. A clean-up collimator slit (50 cm in length)was placed at an achromatic

focus F3 after another bending magnet (M2) and a set of focussing magnets (Q2) (See Fig･5)IA

momentum spread of a few percent was attained by transportlng the rigidity spread nuclei to

the experimental a.rea.

The procedure of selectlng the nuclei of`interest is as follows: The incoming isotopes are

selected by ascatter plot of pulse height and TOF. Then the widths of the slits at F2 and F3

are determined such that the ratio (Intensityof secondary beam)/(Intensityof primary beam) is

maximized under the condition that the background nuclei in the scatter plots is minimal.

2･1･4･ The Property of secondzLry beam

ln this experiment,
llB, 19F

and
eOB were used as primary beam･ The followlng Secondary

beams were
produced from these prlmary beams,

11B
-3H,

3He,ヰHe,6He,8He,

6Li,7Li,8Li,gLi,

7Be,gBe, 10Be

lgF - 10B,12c,14N

coNe - llLi,

11Be,12Be,14Be,

8B,llB,12B,13B,llB,1SB,

10c,13c,lSc,16c,

15N!17N
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Scatter plots and histogmms of the pulse height vs. the TOF of each He isotope are shown

in Figs. 8 - ll, and those of Li isotopes are shown in Figs. 9,10,12,13. The charge separation

between nuclei with selected rigidity but differing charge was so clear that the proportion of

nucleiwith
a charge state diHerent from that or the nucleus of interest was Well less than 1-O13･

Full widths at half maximum (FWHM) of the TOF spread
were 1.3 to l･7 nano-second, which

correspond to momentum spreads o[ 2･6 to 3･4 percent For He isotopes･ When 8He was tram-

sported, we opened the slit at F'2 wide enough
to cover the entire momentum spread so that the

maximum yield of
8He isotopes was

obtained. In other cases (3He,4He,6He),only a narrower por-

tion or the secondary beams was selected by the smaller slit width at F2. The rllnnlng COndi-

Lions for He isotopes and Li isotopes are summarized in Table 1.

2,2. Measurement of interaction cross sections

2.2.1. Definitions of the interaction cross Sect;on and the in七erac七ion radii

The interaction cross section is de丘ned to be the cross section for the change of proton

and/or neutron number in the incident nucleus. We used the transmission method to measure

the aLtenuation of incident riuClei in the reaction targeも. Boもhもhe incoming nuclei a.nd the out-

going nuclei were idenもi丘ed,.andもhe number of incidenもnuciei and the number of non-

inもeracもing nuclei were counted･ The c〇unter system after the reacもionもargeもWaS large enough
l

to detJCCt rnOSt Of the non-interacting nuclei which experienced Coulomb scatterlng Or nuclear

ela5もicscat/uerlng.

The interaction cross section qI Was
Calculated bvもhe Following equation

q]-%ln[
7o(トPm )

(2･3)
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Runningconditionofbeanline

Discription 3He 4Ⅰie 8He 8He

..llBeintensity

(p色ronepu1品)

Openingwidth

F2Slit(cm)

2×108/

1.02

1×107

0.54

2×107

0.76

2X108

2.30

F3Slit(cm)

#ofcount

(typical)
atF3

1.27

10000

1.81

20000

1.52

2500

1.80

1000

trigger 1000 1500 1000 400

acceptedtrigger

widthofTOF

FWtih.:I(ns)
C○rreSPOneも0

△P/P(冗)

500

1.3

700

1.i

3:三0

1.i_

270

1.7

2.6 2.8 i)_.S 3.i

Table 1
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where A is the mass number and i is the thickness (g/cm2) of the reaction target, NJl is the

Avogadro number･ The beam attenuation factor 7 is de丘ned as 7-Noul /N.･ncfor a target-in

run (Nine is the number of incoming nuclei, Noui is the number of outgoing nuclei which have

the same charge and mass as the incident
nuclei)7o

is the same ratio for a target-ouもrun･ By

taking the ratio ′7o/7,uncertainties
due to the counter eFICiency and reactions occurring outside

of the reaction target were automatically corrected･ The factor (1-P,n) is a･ correction for

scattering out of non-interacting nuclei out of the counter system after the taroo･et due to multi-

plc Coulomb scattering or nuclear elastic scattering.

From Eq･ (2･3),we calculated the error in ql aS

【 +
ト7

.ト7o
Nl･nc7 'No.･nc7.

･【号)2

△(7/70)

(2.4)

where Not.,.a is the number of incoming nuclei before the reaction target for a target-out run･

The丘rst and second terms are statistical errors which are dependent on the uncertainty of 7

and 7o･ The丘rst term are calculated by uslngもhe binominaldistribution of the numbers Noul

and Nooui
, Where Nooui is the number of the non-intercting nuclei ror a target-out run･ When

the NouL foii〇wsもhe binominal distribution,ユNou,
-v/Nl･nc 7 (1-7) and

ユ1-i-(ユN(,ui
,//Nine

)-v/7 (i-i)/i,Vine.Usingもhis土-[, the昆rsももerm o[ Eq. (3.4)was obtained.

The secondもcrm is obtained bv the same
procedure･ In this experiment, these two terms were

the dominanヒsource
of errors. The third term is due to the mixture of the diLrerent nuclei. The

rourthもerm comes from the uncertainty in the scatterlng-Out raCもor Pm ･ The fifth term comes

from the error in determining the thickness or the reilCtion target, and it was negligibly small in

all or the mea5urementS.
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The interaction cross sections for stable nuclei are known to be essentially independent of

the incident energy above a few hundred MeV/nucleon12,15.The nucleon-nucleon cross section

shows the saturation at above 800 MeV. It is therefore considered that interaction cross section

(J[) re丘ects a geometrical nuclear size. We operationally de丘ne a interaction nuclear radius15 by

the equation

JI -

7r【RI(p)
+ RI(i)]2 (2･5)

where RI(p ) and RI(i) are the interaction radii ｡f the projectileand the target nuclei respec- ぞL

tively. We assume the separability of the r丘dii of the target and the projectile nuclei here. In

other words, we assume that the Bradt-Peter overlap parameters16 are zero, as pointed out by

D･L･Cheshire et al17･ The radii of stable nuclei which have been deduced before, using this equa-

tion, are plotted in Fig･ 14･ The behavior
of dependence on Al/3 is consistenもwith the half den-

slty radius obtained from electron scattering. The validitv of the assumption of separability will■

be checked later using the experimental data, by the independence of the projectile radius from

di打erent targets a5 Well a5 the independence of the target radius from the species of projeCtile･

2･2.2. Experimental setup

2.r'-.2･1. General design

The experimental setup is shown schemaもicaily ln
lhig.15

The plan View ofもhe setup IS

I
TIT

t
′■▼■■ヽヽ 1

shown in Fig.16.

A pia5もic scintillation counter was Placed in the beam line (See Fig. 5) at F3 (SF3: Scintil-

1ation counter at F3). In the experimental area, wire chambers (PBTl, PBT2: multiwire Pro-

porcional chambers Bc[ore the reaction Target) and plastic scintillation counters (SBTl - SBT4:

SciLlti11aもion counters Before the reaction Target) and a veto scintillation counter were used

berore the reaction target･ A spectrometcr magnet (fIISS:Heavy lon Spectrometr System) Wire
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chambers (PATl - PATi: multi wire Proportional chambers After the reaction Target) and six

plastic scintillation counters (SATl - SAT6: Scintillation counters After the reaction Ta･roo'et)

were placed after the bending magnet (HISS)･

After the reaction target, the trajectorieswere determined by the wire chambers
PATl,

PAT2, PAT3, PATil to measure the bending angle byもhe HISS magnet. The pulse heights of

SATs were
also measured.

2.2.2.2. Targets

All targets were cylindrically shaped with a diameter of 7.62cm. The lengths is valid from

5
g/cm2

to 20
g/cm2.

we used three diHerent target materials (Be, C, Al) in order to seethe

mass dependence of the interaction cross sections a,nd to verify the interaction radius separabil-

icy. Two or three diHerent thicknesses of the same target material were used to con丘rm the

thickness independence of the interaction cross sections. The targets of diHerent thicknesses

were also used to examine and correct For intensity tosses due to the scattering-out or non-

interacting nuclei. For 7o-1 and Pm -0, the statistical
error for interaction cross sections is

written as a function o[ attenuation factor

△JI
I- 室

JI
(2･

btL)

The error is aHected not only
by the counting statistics v′i,Vl･ncbut ai50

byもheもhickness of the

target. Figure17 sbowsもhe factor

Llnl･｣v/苧
(2･7)

depends on the attenuation Factor.7. When the same number or incident nuclei are counted, the

error isminimized for a target whose thickness is chosen such that 7-0.2. On the other
hand, a

thicker target causes a larger perccntagc or multiple Coulomb scattering which leads to a larger
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uncertainties in Pm ･ The target thickness were chosen to keep the statistical error as low as

possible under the condition that at least 99 percent of non-interactlng nuclei could be detected

by scintillation counters after the reaction target. The targets and their parameters are summar-

ized in Table 2.

2.2.2.3. Scintillation counters

The
charges (Z) of the nuclei was identi丘ed by the pulse heights in scintillation counters

SBTs and SATs. The velocity O[ particles was also measured by the time difference between

event in two scintillation counters SF3 and SBTs. Geometrical dimensions of the scintillation

counters are li占ted in Table 3.

The SBTs consisted of four scintillation counters (SBTl, SBT2, SBT3, SBT4)･ Scintillation

lightin SBTl and SBT3 was taken from the right-hand side of the scintillators. Scintillation

lightin SBT2 and SBTLI was taken from the left-hand side of the scintillators.
The veto counter

was used to deEineもhe
maximum size ofもhe incident beam and to reduce background triggers.

Figure 18 shows a pulse height spectrum in SBTl. Clean charge separation
can be seen in the

spectrum･ The inclusion
of any other charges was less than 10-2 when charge

was selected by

one scincillacion counter. The averageもime dilqeTenCe aS measured with SBTl-SBT2 and with

SBT3-SBTi. is shown in Fig. 19. Tlhe resolution inもhis time dilqerenCe is 400 Dic°-second

(FWn･王).

The SATs consisもof six scintiilacion counters (SATl, SAT'_i, SAT3, Sit_Tit, SAT5, SAT6)･

The signals were collected at bot･h ends of each scirlもillator,thus the location independent pulse

heighもor SATs could be obtained. Figure 18
showsもhe pulse heighもspectrum of

SATl. The

inclusion or any other charges in a
selected charge by one

scintillation counter was less than 10-2

here,also.
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Reactiontargetparameters

Name Z A

ち

Thickness

(冒/cm:)
(t/LR)P-

attenuation(r7)
for

Hei50tOpeS

Note

Beュ 4 9 8.86i 0.37 0.61-0.71

99.46%9Be

o.33%16'o

inweight

Beョ 4 9 18.255 0.53
イ _.0.38-0.53-I

99.46%9Be

o.33%18o

inweigbt

C1 1-6 12 10.196 0.49 0.63-0.73

98.90%12c

1.10%13c

inweigbも

C3 6 1:2 5.179 0.350.TT-0.S3

98.90%12c

1.10%13c

inwei冒ht

All 13 27 6.739 0.53 0.79-0.85

Ai_i)13 27 13.i550.75 0.66-0.75

Lf313i27ー20.197io.92o.55_0.67i!

Diameter Oi●ail target are 7.62 cm

Lfl is the :･adiation length o( the matter.

Table 2
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Pla5tic5C;n七illa七ioncounters

Name Ⅹ(m皿) Y(mm) thickness(mm) Location

SF3 30.0 30.0 3.0 atF3

SBTs 50.0 70.0 3.0 berorereactiontarget

(SBT1-SBTi) (キscint.)

Veto

(bole)

200.0

50.0

200.0

50.0

3.0 beforereacもiontarget

SAT5 loo.0 300.0 3.0 arterreユCtiontargeも

(SAT1-SAT6) (6scint.)

Table 3
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2.2.I)_.4. Multi-wire proportional chambers andもhe bending magnet HISS

Thirteen planes of multi-wire proportional chambers (MWPCs) were used to determine the

trajectory and
to

select the rigidityof the nucleuswiもh the HISS spectrometer magnet. The

de丘nition o[ coordinates is given in Fig. 16. Geometrical dimensions of MWPCs are listed in

Table.1.

The incoming angle or the nucleus was determined by two planes of PBTl(I,Y) and three

planes of PBT2(Ⅹ,Y,Ⅴ)and the outgoing angle was measured by one plane of PATl(Ⅹ), three

planes of PATO_(Ⅹ,Y,U),two planes o[ PAT3(Ⅹ,U)
,andもwo

planes of PAT4(Ⅹ,V). The

de丘nitions or X,Y,U,V planes are shown in Fig. 16. The bending angle resolution determined by

these MWPCs and HISS magnet was 3･O mrad (FW取工) as shown in Fig･ I)-0･On the average,

the nuclei were bent throughan angle of ll degree after the reactionもarget, rigidity resolusion

of the system was thus l･6 percent (FWH加l). We uised MWPCs redundantly after the reaction

target to
obtained good MWPC system e8-iciency. As a result of this redundancy the tracking

eiriciency or the MWPC system after the reaction target was greater than 99.0 percent.

The HISS spectrometer magnet has a pole gap o[ 1 m
and

a pole diameter of
E)_ m･ In order

to reduce the multiDle Coulomb scattering and background reac亡ionsフa Va･Cuum Was maintained▲

in the gap volume. This resulted in a reduction
to 10.6 percent bv welgriもof t･he 3.mount Of

▼
｢

lTnaCerial
from the reaction targetもoもhe exiもwindow o[ HISS.

2･･･r'･コ･5. The heliu皿bag

A helium bag wa月 Placed alter the vacuum
chamber to rurもher reduce the amount o[

material･ It had a columnar shape 3 m in length and
60 cm in diameter･ The amounもo[ material

from the exit window or HISS to SAT was reduced to ･_10.8 percent in
weight

by the addition of

uslng the helium bag･ Tlle amount Or material in the beam line before and alter SBTs are listed

in Table 5
and

Table 6
respectively.
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Multiwireproportionalchambers

Name

Active

area

同調

Wire

spacing

(mm)

Number

or

TVlreS

Location

PBT1Ⅹ 128.0 2.0 6L1
,be[orereactiontarget

PBTIY 1E)_S.0 2.0 64..

PBT2Ⅹ 128.0 2.0 64.. beforereactiorltarget

PBT2Y 128.0 2.0 6▲i

PAT1Ⅹ 384.03.0 128 afterreactiontarget

PAT2Ⅹ 38.i.0 3.0 leョ

erreユCtiontargeもPAT=Y 336,0 3.0 112

PAT=U

i

480.0 3.0 160

!

TLLble Ll
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Amountofmaterialinthebeamlinebeforereactiontarget

Name かhteria1 Thickness

(冒/cm2ー

Note

PBT1

Mylar(C5H80e) 0.0278 window,100pm

Argon(Ar) 0.0089 gas,5cm

(Ⅹ,Y) Copper(Cu) 0.0076 H.Ⅴ.wire,60iLm4,

Tungsten(Wー 0.0006 sensewire.20FLm¢

PBT:≡

Mylar(C5王i80o_) 0.0三三78 window,100〃m

Argon(A∫) 0.0089 EI
gas)∂Cm

(Ⅹ,Y) Copper(Cu) 0.007(; H.V.wire,60FLm¢

Tungsten(W) 0.0006 sensewire,20FLm4,

PBT2
Mylar(C5H802) 0.0:三78 wirldow,100〃m

Argon(Ar) 0.0053 gas,3cm

(Ⅴ) Copper(Cu)-I: 0.0051 H.Ⅴ.wire,60〃m¢

Tungste.n(W) 0.0006 serlSeWire,20FLmd

SF3 Scintillator 0.3096 pla5tlC,3mm

Aluminum(Al一 0.03-i6 cover,6-主LLm

SBT1 Scintillator 0.3096 pla5tic,3mm

Aluminum(A1) 0.0346 cover,6.壬FLm

SBT2Scinti11aもor 0.3096 pla5も1C,3mm

Aluminum(Al) 0.03⊥l6 cover,64fLm

SETS

ー

Scinもi11ator l●●●●

A一uminum(A= ●●●●-●

Scinci11aこor

Aユuminum (Aユt)

0.3096

0.03r16

pi3Stic. 3 Tn皿

c()ver. Si jim

Veto きAユuminum(Al) 辛 0.03･16 ! cover.6-i.LLm

lair
O.6(〕コ5 totユi 5 m air言ユP

berore reユCもion tar耳et.

2.i867 cocai amounもbe[ore reaction target

Till)lc 5
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Amountofmaterialin七hebeamlineafterreactiontarge七

Name L′hteria1 Thickness

(冒/cm2ー

Note

PAT1
Mylar(C5H8○2) 0.0278 window,100FLm

Argon(A∫) 0.0107 gas,6cm

(Ⅹ) Copper(Cu) 0.0101 H.Ⅴ.wire,60FLm¢

Tungsten(Wー 0.0006
sensewire,20FLm¢

PATO_

Mylar(CsH8○2) 0.0278 window,100FLm

Argon(A∫) 0.0107 gユ5,6cm

(Ⅹ,Y,U) Copper(Cu) 0.0101 E.Ⅴ.wire,60〃m¢

Tun写Sten(ヽⅤ) 0.0006
sensewire,20FLm¢

PATS

Mylar(CsH8○○) 0.0278 window,100pTn

Argon(Ar) 0.0089 gas,5cm

(Ⅹ,U) Copper(Cu) 0.0076 H.Ⅴ.wire,60FLm≠

Tun言Sten(W) 0.0006 sensewire,20〃m¢

PATi
Mylar(C5H80c) 0.0278 window,100〃m

Argon(Ar) 0.0089 gas,5cm

(Ⅹ,Ⅴ)Copper(Cu) 0.0076 H.Ⅴ.wire,60FLm¢

Tun冒5ten(W) 0.0()06 sensewire,20〃m¢

SAT1 Scinもi11ator 0.3096 plastic,3mm

Aluminum(Al) 0.03i6 cover,64FLm

SAT:≡ Scinもi11ユtOrO.3096 pla5Lic,3mm

Aluminum(Aユー0.03i6 cover,6iFLm

SAT3Scinti11atorO.3096plastlC,3mm

Aluminum(A1ー0.03-16cover,64FLm

..lll......-.

SAT5ScintLiliator 0.3096piastic,3mm

.uumihum(Aユー
0.03i6c○ver.6ヰfLTT7

Sci_T'Atilia乙Or

_心uminurn
(.iJ)

0.3096

0.0:7,i弓

plas'uic, 3 mm

cover. 6i.Llm

EiiZ盃l CユPtOn

!Cユロfv○n

lO.017

0.03-i

妻wind○w,u;⊃sもreユm
!wind○w.,i○,,マnSもream
u

Hebag ≦Alminyユedmyiar 0.0(〕10 window,upユn(idownstreユm

Heliurn(tieー 0.05:?,i 3m

Air Air 0.08ーli 70cmairgap

rromtargettoSAT6

Total '2.Lli3'1 totalamounLarterreこ1CtionLarget

T:1l)1L/I6



Page 41

′一■■ヽ

てコ

(ロ
｣

≡
i:!チ▼コi

a)

(コつ

⊂

･く

くコ)
⊂

て〕

⊂

Q)

⊂〕

⊂)

⊂)
N
J

⊂)
寸

辛

Figure I_)o

⊂

○
●

~
~
~
~
~
~
_

■-J

:コ

○
∽

q〕

〔=

G〕

Cn

⊂

く



Page 42

2._I).3. The electronics and the data acquisition system

2.2.3.1. The trigger system

The circuit diagram of the trigger system is shown in Fig. 21. The main trlgger Was

Trig
-SF

3+ (SET 1 ★SBT2★SBT 3+SBT4)★拓石

where
'*'mea.ns loglCal AND.

(2.8)

In this experiment, we used window discriminators, which allow lower and upper limits on

the pulse heights, to select the proper charge. The timing Or the trigger was determined by

SBTl. Typical event rates per beam pulse for each･counter are listed in Table 1.

2･2･3.2･ The on-line data acquisition system

The on-line data acqulSltlOn System is schematically shown in Fig. 22･ Using this system,

we recorded all pulse heights in the ADCsand all timing information in the TDCs. We also

togged the hit patterns or all MWPCs and the contents o[ au sealers. The beam-on period was

about 1
second and the beam-o打period was about i seconds.

The stream o( data taking was as follows: The MBD(Micro programmed Branch Driver)

was Started bv a ''beam10n" interrupもsignal from Bevaiac and waited for an event tTlgger Slg-

nai. After the evenもtrヱgger Slgnユi was accepted by the九′LBD, iもsもar･ueri七oreadもhe reglSもers, the

ADC5,もhe TDCsユnd data concerning t･iLie bitepositic>ns o[ tらe )y王WPCs t･hrough a CAユ'LiC

crate･ The data were subsequentiy trans[ered to a memory module(256K words)
in the CAMAC

crate. This Procedure was repeated during the beam-on periodもo accumulate the data. When

the beam-o打signal [romもhe Bevalac was accepted,もhe MBD read back the data from the

memory module, then recorded the data onto a hard disk connected to the PDP ll/∠l`1com-

pucer, which therl recorded all the data onto the magnetic tape. On-line data analysIS Was Per-

formed during the beam10汀period･ tlistogmms an(1 scatter plots or any coml)ination or the data
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The circuit diagram of trigger system

D: discri

D

･
･ agnadte

Event

trigger

: window discri

gate

gene.

gate

generatOr

F'tgure 21
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Schematic diagram for data taking system
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monitor the experimental system.
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3. Data analysis

3.1. Procedure of data analysis

Data analysis was done using VAX ll/780 or the HISS group at the Bevalac･

First, we counted the number of incoming nuclei (Nl･nc) after identifying each nucleus･ The

selection criteria were so strlngent that the inclusion or other nuclear species in the incident

beam was negligible. We then counted the number of non-interacting nuclei (Noul) among the

incident species of nuclei after identifying each nucleus again. Details of the selection are

described below.

3.1.1. Identi丘cation of inciden七ntユClei

The incomlng nuclei we.re identi丘ed a5 follows:

(1) the TOF between SF3 and SBTswas in aproper range.

('2) The pulse heights o( all four SBTs were in a proper range.

(3) Only one track was observed by PBTs before the reaction target.

A typical pulse heighもandもhe TOF spectra are shown in Fig. 9. The inclusion of other

atomic number nuclei is iessもhan 10-12 bv using One
SCinTviliation counter for the identi丘cation･

The inciusiorl W-iS ne,gエigiこ)iysmユil when ail [cur scinもi11aもion counters lcer〇re t,he reaction targe乞
▼ ●

●1
l

we-,e useくi･ The number cz㌻irlCCL;riirlgnuclei (Nilne)was obtained by councing the nuclei whic王I

sati5[v the above condi,u主ons.

3･1.2. Identi丘ca七ion of nonJInteraCting nuclei

After the reaction target, all nuclei which hit the SATs were i(len仁i6ed. In order to select

the non-interactlng nuclei, the followlng Criteria
wcrc used.
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(1) The nuclei detected after the reaction target were required to have the same charge as

those detected before the reaction taroo･et.

Figure 23 shows the pulse height distribution °rone or the SATs for charges of 2 or 3 as

selected by using the SBT･ The inclusion is about l･0×10-2 for each SAT･ Using the six sintilla-

tion counters after the reaction target, the charge was determined by two independent methods.

The first method was to take the majority o[ the six charges identified by individual SAT. The

other method was to take the average of the SATs pulse heights, the charge was then deter-

mined from them_ These two
method wa月 found to give the same charge except negligible

number or cases.

Even with the charge separation, other isotopes which were produced in the reaction target

were still mixed in the proper rigidity range.

(2) The rigidity for the nucleus obtained by MWPCs and HISS magnet after the reaction tar-

gec is in a proper range.

The mass
Of nucleus can be separated by sorting the beam according to their rigidity after

the reaction target. TypICallv the momentum spre3.a due to the production reactions in the

reaction targeもis at mosもa lew pe.,cen亡. For iighc nuclei (A<10), therefore, there is no rigidity

l

cverlユP between neighborl:1g lSOも〇peS.

FiglJre叫a::is7Lh10WS a
SC-LLtterロloもbetwee:l SPeCtrOmeTuer exiもan(5Tie ･ind the position forもhe

outgoing nuclei at PATl,･1 with an incident beam of oHe･ A cie･ir Separation between 4He,
which

is produced inもhe target.. and
6He is seen･ Figures 0-･t and

25
show the rigidity distribution for

He and Li isotopes a一ter the reaction target. All histograms show clear separation between beam

nuclei and the other isotopes.
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Rigidity separation of He isotopes
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Rigidity separation of Li isotopes
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We obtaine the number or non-interacting nuclei (Noul) as

Nouf
-Nc

Nu,.･g

jVIL･la I

(3,1)

where Nc is the number or nuclei identi丘ed a5 having the same charge as the incident nuclei by

the SATs, Nwn･9 is the number or nuclei identi丘ed to be in a･ proper rigidity range by the PATsl

and Nw,oL isもhe total number ｡f nuclei traced by PATs･ The ratio Nwn･g /NwLo, Was always at

least O･98･ The uncertainty of the factor Nw,i9 /NwLoE Was less than l･9×10-5 for He isotopes

and 2･3×10-4 for Li isotopes･

3.1.3. Corrections for the scattering-out of nonJlnteraC七ing nuclei

A small number of non-interactlng nuclei
were not detected by SATs dueもo the large-angle

scatterlng. Figure 26 and Figure 27 show the beam pro丘1es at PAT3,4 for a target-out run and
a

target-inrun, respectively. These pr｡丘1｡s can be丘tt｡d by a Gaussian distribこti｡n(forthe cen-

tral part)and
an e:(ponencial distribution (forthe tail part).

The number of non-interacting

nuclei wlnich escaped was
estimated by the foiiowing procedure･

メ(1)
The central parもOi^beam pro丘1e at PAT3･･i was丘tもed by Gaussian a5

＼

G(I,y)-exp [樟十剖 (3･2)

and the standard deviations (S=ou,
,.Syou,

) orもhis
Gaussian dist･Tibuもion were obtained for a

targefu-out run. (seeFig..i'6).

(2) This proce〔lure was repeated
to

obtain (S;in
,Syin

) for a corresponding target-in run･ (see

Fig.0_7)

(3) We assumed the beam prorlle for the target-out run as a mother distribution M(3,y),

which inclu(lc(i an
exponential part or the beam proEile･
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(i) The number of escaped nuclei Ne9C Was then calculated from the beam pro丘1e for the

target-in run which wa月 assumed by expanding the mother distribution a5

M(I,y)-M (:%,y%)
The scattering-out probability (Pm ) wasもhen determined a5

(3･3)

where Nml is the total number of nuclei in the mother distribution M(I,y)･ Then the factor

Pm was used in Eq. (2.3)for the correction.

Figures 28 I 35
show the scattering-ouもprobability (Pm ) thus obtained for He and Li iso-

tope. The dushed line shows afitting
function

F(7t)-exPLav乍十b)
(3･5)

which was expected From the model (gaussian+ exponential tail)for the beam pro丘1e aもSAT･

Here a and b areもhe丘tting parameters for the function, i is the thickness ofもhe reacもionもar-

getJ･ arid LR is the radiation liein_gこho[ the targeもmateriai･ The cut-o.q values I3Fもhe mother dis-

triblution are proporもionai toもbe ractor
v右耳when m山iple-Couiomlo scat七eril-lglizdorninanも3

A good畠c･L.ing oil rlhi5[uncticnユi silage Suggest thaこthe scattering ouもis rnユin王l,due tcもhe

multiple-Couiomb scattering. ine uncertainties or P,,H Which are quoted in Figures 28 - 35,
′▼~｢▼

were estimated
to be the standard deviations of the factor Pm as obtained from tha七of the

Atting function F(i/LR )･
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3.1.4. Summary of errors

The errors associated with the interaction cross section
were estimated from the uncertain-

tiesinっ･, 7o, 7/7o,(トPm) and i by using the Eq. (2.4)･The contribution of each uncertainty

to the total error in the interaction cross sections was summarized in Table 7. The main source

of error in the interaction cross section is due to the uncertainty in.y. In estimating the errors,

we found the丘rst and the second terms in Eq･ (2･i)to be dominant and to have avalue of

lXIO-e･ The third term, which is due to the admixture of other nuclei in the charge and the

rigidity after the reaction target, was at most 2･6×10-3･ The fourth term,
which comes from the

error in the scattering10ut factor Pm
,

was at most 5･9×10-3･ The丘fth, term which comes from

the error in the target thickness, was at most 6×10-i.
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Errorsininterac七ioncrossseqtionsX10-3

Target DiscrlPtlOn 3Ee 4He 6He 8He

Be上

Tota1△cr[/q[ 9.6 10.3 10.8 8.1

△7 8.9 9.5 10.3 7.7

△Ⅶ 3.2 3.5 3.1 2.2

A(i-Pm) 1.5 1.6 ー0.9
0.8

A(7/7o) <1.0 <1.0 <0.8 <0.7

At 0.08 0.OS 0.08 0.08

Be.2

Tota1△JI/q( 9.5 8.9 8.0 5.1

△7 9.2 8.5 7.8 4.9

△Ⅶ 2.2 2.1 1.5 0.9

A(i-Pm) 1.i)_ 1.3 1.2 i.I)_

A(7ho) <0.5 <0.5 <0.i <0.3

At 0.3 0.3 0.3 0.3

Totai△cr(/c,[10.011.()ll.3 6.9

△79.110.010.6 6.5

Cl△7o3.33.83.4 1.9

A(1-Pm)2.32.32.0
1.1

.A(1'b;てo)!`去:喜一`去:≡`o.:≡

<0.7

!0.5l

/

ToもalエJJ
,'J[

ユて

ユー,/.コ

ユ(i-Pm )
△ i･7/･!･7o)

ユi

15.i i I_i().S

i 3/_1

6.5

望.5

<'_'.i

0.1

1S.0

9.3

n ･T
- I -

<l:.3

0.1

･7
: attCnuaLion [こtCLOr (-Null /N;ne) in t.ユrget,-in-run

つ. : aLtenuaもion [actor in targeレou+v-run

(llPm ) : capture efrlCiency (or non-inLerユCted particles

T;Lt)lc 7 (…L)

i
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Errorsininteractioncrosssectionsx10-3

Target Di5Crlpt10n 31ie 4He 6He 8He

All

Tota1△J[/q( 16.8 22.7 18.911A

△7 14.1 19.2 16.510.0

△Ⅶ 7.4 10.3 7.84.5

A(1-Pm) 5.0 5.9 4.i2.7

△(7/Ⅶ) <2.3 <-_i.6 <1.9<1.7

△f 0.2 0.2 0.20.2

Ale

せota1△J[/Cr[ ll.0 1.圭.5 12.67.9

△7 9.5 1○.9. ll.i7.0

△てo 3.7 5.2 3.92.3

A(i-Pm) 3.9 3.S 3.T2_7

A(7/7o) <1.2 <1.3呈<0.9i<o,3
△f 0.i

o.ilo.i!0.i

A13

H
‖H
H
HM
P

Tota1△J(/CrI13.59.610.i 6.7

△r712.68.69.5 5.SI

享単量<圭享萱董<oe…萱…く喜享萱喜<さ引
7 :ユもtenllユこion:'ユCこ･3r tt-iV"`

,I,'lN.I,c
) inこユr芸eL-in-run

-.n
: 3.t･t,enuユtiOn

I(ユC:/Or
ill ･L.ユrf=eトOuトrun

-1u'

(i-Pm ) : cユPCure eiTit:ienc･/ [or non-intemctled particles

Table 7 (b)



Page 66

●●●-●●●-●●

Target DiscrlPt10n 6Li 7Li 8Li 9Li

Beュ

Tota1△JI/q/ 13.0 9.7 ll.2 9.0

A7 12.1 9.1 10.7 8.5

△7o 3.9 3.0 3.3 2.7

A(i-Pm) 2.6 1.0 0.7 0.5

A(pyho) <1.1 <0.8 <0.8 <0.9

At 0.08 0.08 0.08 0.08

Bee

Total△q(/qI 9.9 7.2 8.i 6.6

△7 9.i 6.9 8.2 6.4

A7o 1.9 1.4 1.6 1.3

A(i-Pm) 2.5 1.i 0.8 1.1

A(7ho) <0.5 <0:i <0.i <0.i

At 0.3 0.3 0.3 0.3

Tota1△gI/g[1-i.3 10.i ll.9 9.2

△713_19.6 ll.2 8.6

Ci△J7o4.33.2 3.6 L)_.9

△(i-P,.)3.7 2.1 1.3 1.2

A(7/7o)<1.2 <0.9 <0.9 <0.9

AtO.6 0.6 0.6 0.6

量c3け○?言';i'J!!;;;…葦;;;……;;;…毒:;;;蔓..A(I/A-:G;.<2.-i <i.丁妻<1.7<1.S
;…ユiFjO,i

.0.三0.i

7二aTJLenuaもion factorも-NuJ/Ni･nc ) ill.もargeレin-ru･n･

7o : aもtenua'bion fac'LOr inもarget-out-run

(1-Pm ) : cユPLuTe el'Ticicncy for non-interacted parもicies

T･J,ble 7 (c)



Page 6T

ErrorsininteractioncrosssectionsX10-J

Target Discrlpも10n6Li 7Li 8Li 9Li

Tota1△cr(/q[ 24.i 17.5 19.0 15.6

△7 20.4 14.9 16.8 13.5

A11△Ⅶ 9.9 7.5 8.1 7.0

△(1-Pm) 8.6 5.0 2.9 2.9

A(7/｢o) <2.8 <0_.0 <2.0 <2.2

AE 0.2 0.2 0.2 0.2

Al2

I

Tota1△cr(/q] 16.8 1_I).1 13.0 10.5

△7 13.3 10.3 ll.9 9.i

A7o 4.9 3.7 4.1 3.5

A(1-Pm) 8.Lr) 5.0 3.2 2.9

△(て/7o) <1:i <1.0 <1.0 <1,1L

0.iAt 0.i 0:i 0.i

Total △J( /J(

△7

△pro

A(i-Pm )
上.:; ｢･:I

ユf

7.8

2.3

3.3

<0.7

0.i

7 :ユtもenlJユこiolnli.acこCr :1-⊥＼1書.I,.!N;ne
)主ntaごgeレin-_TUB

てo : a乙te.T,/1ユーJiOn f3.CこCr ln tユr芸eトCu;,-run

(i-Pm ) : cユPt′ure etlli{二iヒ!lCyfor nori-inこerユCもe,i r)articles

TiLble 7 (a)
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4. Experimental result

4.1. The interaction cross sections

Figures 36 - 43
show the values or the interaction cross sections obtained

in the diFerent

runs･ The data are plotted against 7 (-Noui /Nl･nc)･No 7 (or target thickness)dependence is

observed in these丘gures. The closed circles in the right-hand side of a丘gure are the average

values for diぼerent runs.

The interaction cross sections 0, He,Liand Be 辻oto,｡s dete,mined in this experiment are 若

listed in table 8. Errors listed in the table were determined as discussed in the previous section.

For the case of
4He + Al the data且uctuation among diqerent runs is bigger than the error

which was determined in the previous section. Therefore the standard deviation of these

丘uctuation was used a5 the丘nal error. In all other cases, errors Were comparable to or less than

the standard deviations of the丘uctuation among the diHerent runs.

The interaction cross sections are plotted in Figures iii 3.A(ii5. The mark "Ⅹ" showsもhe

inelastic cross
section data for 4He + C measured by Jaros et al･1S The present data is in good

agreemenもWiもhもheir data.

i.=. The 'iユもeracも三onごadii of a.1Ciei

･iELS
discussed iユSeC乞ictn 2･3･ we de員ned the interaction radius RI Of nucleus a5 Shown

in Eq･

(:≡.三''1.The 'iifference of the radii be,iween
nucleus X 3.nd Y can be c3.lculated a5

RI(･Y)-RI(Y)-v/JI(X,T)/7r -

～/c,I(Y,T)/LIT (∠主.1)

where T denotes target nuclei･ Tlle radius diLrerence between He isotopcs arid
3Heもhus

ot)tained

is shown in Fig･ 46･ The ra(1ius difference is essenti王Lllyindependent of target nuclei (exceptthe

value obtained rrムm 4Hc + Be).Figure 47
shows tl､e difrerenc'! of radii between two target

nuclci･ The diWcrence or target nuclear radii is essentially independent or tlle beam nuclei
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Ⅰn七eractioncr○sssections(JI)inmb

Beユm

Betarget Ctarget Altarget

3He 498±-i 550±5850士9

4He. 485±-i 503士5 780±13

6He 67:2±7 722士6 1063士8

8He 757±4 817±6 1197±9

6Li 651±6 688±10 1010±11

7Li686±i

隻

736±61071±7

i

!8Li蔓70-7±6!
768±9iii7±1i

‡

TiLble 8
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8日e Beam
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6Li Beam
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7Li Beam
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8Li Beam
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9Li Beam
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Interaction cross sections

of He isotopes at 790 MeV/∩
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Interaction cross sections

of Li isotopes at 790 MeV/∩
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(exceptthe value obtained from 4Iie + Be).These results are consistent with the assumption

that the target and the projectile radii are separable within ±0･02 fm as de丘ned in equation

(I-7･5)･

The absolute value of
4He, 9Be,

and
12c

radii can be calculated by the least squares丘tting ;

uslng the dataofgBe +gBe, gBe + 12c in the this experiment,
12c + 12c, 4He + 4He, 12c + 4He

data from Jaros et al.15, and
12c + 12c data from Lindstrom et al.18･ The results are

RI (4He)-(1.41士0.03),RI(gBe)-(2.i5±0.01),R[(12c)-(2.61±0.OLi')in fm.

The radius of
TAl is calculated

to be RI(TAl)-(3.63±0.04) fm, from the values of

JJ(4He,27Al)and J[(gBe,27Al)together with RI(4He) and RI(gBe). Using the radii of
9Be, 12c,

and
27Al, the radii or the other He and Li i50tOpeS Were Calculated For each targeも･ The averages

●

of the radii for the He and Li isotopes obtained!rrom all targets are listed in T'able 9
and plotted

●

in Fig. 48. The following Characteristics should be noted for the radii of He and Li isotopes･ The

radii of light nuclei determined in this experiment shows a l･2×-i 1/3 dependence･ It shows a

good agreemenもWiもhもhe behavior o[ t･he radii of 5Cable nuciei 3S discussed in 2.3.1. The radius

o[
4He is the smallest of the He isot-opes･ This Finding agreewith result of the elecfuron scユtter-

1ng experiment which concludeもhaもthe root-mean-square radius of
iHe was STnユiler thariもhaもOf

3王ie･lg,=OAまa･T言e incre35e Of radius wtniSこ〇bserTed i{TOm
9Liもo llLi. The radii o[

6Li
and

3L主ユre

ab.o.1t･
0･1 rm smaiierもihnも;Lie radii of

5fie
and

ShTe,
respect.iveiy･ -This Provide the邑rst.っbser.7,a-

tic･riCf-ち:hiediEerence o圭､Tuii,ie:ミ31Ciearrユdii berJ.Veeこisobars.
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I:ne interaction radii (R] ) (rm)

≡.iさ=i:I.〔)1 I_i.6i±i?.〇'1 3.S.';±q,OL主

Table ()
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a. Di5C1旭Sion and concllユ5ion

5･1. Suzmary of七he pre3en七result

ln this experiment secondary beams o(
3He,ヰHe,6He,8He,6Li, 7Li,8Li,gLi,llLi,

and
9Be were

produced at 790 MeV/nucleon through the projectile
fragmentation processes. The interaction

cross sections (qI) 0[ these nuclei on Be, C,Altargets were meユ5ured. From ql the intearaction

nucle3･r radii (R() were deduced using EQ_. (2.5).The Following characteristic were observed as

the resu比s:

(1)M3SS dependence o[ interaction radii

ln general the nuclear interaction
radii o[ light nuclei including ♂-sea.blenuclei arein,a.gree-

menc with RI-1･-9×_4 1/3 [m･

(2)Isotope dependence
o[ interaction radii

The incerac+uion
rチdiuso[

iHe is smai!er thn tlht o[
3He (the charge r｡o七-mean-square

radius obclined by the eiec･1TCn SCユt･ueriユ芸e.YPerime.n/u shows the same
resultlg･:0),and the

incerユCtion radius o[
11Li三s

considerably large compared with R'-i.2×i 1/3 fm･
▲

(3J7Isobar depeユde.n.ce
o[ ir.cerac乞icn rユdii

T土e iユこerこC:icユrユdiic,rヨL三3.nd
SL三3:eユb｡uc C=.i [=riSmニiie., *iユri these c[ a:hTe

3.rid
8h-a.

reSCeC=ly;e三'/I.

a.=. T3.i3CuB810n

Assuning that matter distribution
of nucleus has a sharp edgel a radius

of nucleus can be determined definitelyl hoh･ever the nucleus has a diffused

tai1･ When､radii
of nuclei are discussedI We Should make clear the definition

of radii･ The definition of the interaction nuclear radius (Rz) have been

given already･ we will describe RI more Visibly in comparison with the root-
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mean-Square radius (R;皿S)･obtained by electron scattering experi皿entS21･

A)

Figure 4g
shows a comparison between the presently determined mdii (RI) For stable isひ

Copes and the root-mean-Square mdii (R,e7n.)obtained From electron scattering21･ The mass

number (A ) dependence o( RI and R,em.
show

a notable diHerence: RI in'creユSeS With increasing

A where〇5 R,e,,w stays almost constant [orA >5. In order
to

understand the diHerence in the

A dependence, we made a Glユuber model cユ1culaヒion For the inヒerユCtion cross sections based on

Kユr｡1,s prescription procedure::. Here, the intemcこi｡n cross section (JI) was Cユ1cuiated using a 若

Gaussian nuc7ieユr densicv distTibutiono[ the Form

p(r)

-丁缶e･ypLヰ7
(5･1)

α~

where r is the dis叫ce From the center o[ nucleus 3･nd a is thewidth parameter o(-･the Ga･us-

siam distribution. tThe details o[ the calculation are described in Appendix. Ca･1culations were

made For the couisicns o[ idencicユ1 isotopes
,･ e･g･

6Li←6Li･ The widもhっamrnerver a W-iS taken 35
▲

a邑t･uing parlme(･er tO reproduce the gI ･ Although we did net me〇5ure some O[ JI [cr coiliision

or identical isocopes,･ e.･g･ qI(6Li,8Li),values
were cユ1cuiaねd [rorn the presenpuiy decemined RI

using E｡. (･2.5l..Tl.n.ese valuesユre C｡nSidere｡
tc beユCC.1r｡即〝i,.biユ1 ,erce｡も･becユuSe Ci･ t:Tie

亀
● ヽ

/

prc'jeC乞iie-rvlr言etSePユrユ'ciliril,-･discllSSeLi i皿tlae.DreV'iOuS Sect:iOn･

T'31e
i-CCこ-.Tneユn-Sq71ユre rユdius (a,fw) ch,lS Cユic･lまユこed[:｡m

tlhAe C-ユこSSiニュiT-a;もarよis;Tib･ltま｡n

8tこed to
reproduce the JJ areユisc三'thlOWn inlFig･ i-Gt Ai加ugh the absciute vユiues

were geAn:

erlilv smaller than RrtTTW, the
jヰdeDendence o[ Rre7Tl8Was Well reproduced･ The obtained Gaus-

■

siam densicv distributionsユre Sho､vn in Fig･ 50. The yaiues o[RI and RrGm. Tor 4He, 8Li, 7Li,

9Be, 1=c
areユ1so shown in Fig･ 50･ We note thユt the interaction radius

R(･ except Tor bhe
4He

d叫a,e lPPrOXimately equal to the radius where the m･Wer density is O･OLl-0･05 nucleon/rm3･
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Figures 51 and 5･2 3･1so show the Caussian densicv distribution obtained by the same calculation

for He and Li isotopes, re5PeCtiyely. The figures show the same characteristic as above･

Next we discuss the isotope dependence o[ the interaction radius･Asseen in Fig･ 48, the

interaction radii o( light nuclei sl10W a rOugn agreement Wich RI-1･2×A 1/3
except

4He
and

▼

11Li･ iHe is a double-closed-sheu nucleus, therefore its size is extremely small･ On the other

hand we round that llLi has a Very large radius compared with the dependence l･2×Al/3･ The

large radius o[
llLi

could be due to an expansion of neutron distribution,
since

llLi is believed to

beもhe isotope with the largest number o[ neutrons. In order
to see the e8-ect of neutron excess

we refer to the calculation or RMS radii for 0, Na, K and Rb isotopes by M Beinler et al･23 using

the energy density [ormalism･ Figure 53 shows the RMS radii r｡r proton (rp),neutron (rn) and

the m山戸r
distributiods (r- ) i血o, Na, K, and Rb isotopes･ They are plotted against the neu-

*tr占n
number (N). It 近 seen that the RMS

,idii｡[ tLeneut,.A density distribution incren5eS

faster than A I/3. The behavior o[もhe calculated RMS radii for OJ. ド,i. Ⅰくand Rb isotopes i5

sirniiar to亡hat o[ the inこeracこion radii o[
title Li isoもOPeS Obtained in -Li-tisexperirrient･

Very recently, H. Sato cユ1cuiated the RMS rユdii2ヰoi-He isocopes (Ji-も6,8) using
a

densi･uy-dependeユru fi_Tar,lee-Fock i:CIDITdF)cユiculation=5 ,NIL,vn various STi:vTコe PCtenもiai (Ⅰト7t/T'1･
■

ヽ

■

The Rさ≠1S.,3.diiobcユined bv D〇EFユreロiot･こed in Fig.三ヰa写ユir.s･u乞he mi㍊S ri.1mber. wbere S三く
▲

denoもesもhe SkvTme POもeTlもiユミ.TEE proton and the rle;J加n deユSit･y
l･i三s,-ributionsl･13btained

ら:y･
■

Skvrme V are described in F;.ど.
･551

This昆gure show≡もbe expansion c･( t辻e neutron density dis-

tribution (or neutron rich nuclei. The intern.C乞ion cross sections o[ He isoヒopes (Ji-4,6,8)
+ C

were also calcuhted using the C!auber theory wiもhもhe densicv distribution obtained
fromもhe

J

DDHF
calculatiorl. The cユ1culユted interaction cross section and experimental JI Or

He + C are

plotted in Fig. 56. The interaction cross sections or
6I一王e+ 12c

and
8He + 12c

show agreement
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RMS radii of He isotopes

obtained 什om DDHF
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Intera⊂tion cross sections

of XLje十L℃(x=4,6,8)

5i一!
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jhlass number (A)

Figure 56



page 96

●
■一

1n 〇 PerCenC levei･ This DDEF cユ1c･lhcion近considered to be reliable For 6He
and

SHe･ Howel,er,

it is noc so reiiabie [or 3Ee
and

lEe.

The isobar dependence of interaction radii for
6He

between
6Li

and that

for
8He

bet-1een
8Li

are observed in this experiment. The radii of He isotopes

(A:6,8) are about 0.1 fn larger than that of Li isotopes (A:6,8),

respectively･ The effect is generally explained as that of the symmetry energy

in the Weizs岩cker-Bethe皿aSS formula.26･27 According to this mass formula the

binding ene_71gy (B(Z,.i)) of nucleus is
written as

B(Z,A) =
avoIA

-

a･sur{i2/3
-

asym.(N-Z)2/･i
-

acZ2/Al/3 + 8 (5･2)

where ～ the number of proton, 〟 the number of neutron and A is the number of

nucleonl reSpeCtively･ The coefficients in the equation show volume energy

(ayol), Surface enerody (asurf)･ Syn皿etric energy (asyn), Coulomb enerady (&c)

and pairing enerody (O･), respectively.工n comparison-6He With
6Li,

the volume

e:1ergy and surface e_r,.erg:,･ terns are C己nCeie,i because both nuclei
have the sa血e

A nu皿ber･ Since the sァn皿etごic e:1ergT te=.コCユ.JSeS Weュ:tu7,.eSS Of t.h.e hindi.TI菖

energy of
6=el

the radius of
6.de

is greater than that of
6Li.

The Coulo皿b and

pairing energy terニS Cause the cppcsite effectl ho･#ever these are snailer than &
‥

1
. 8,, Q

i:ne eこ=eCt due tc t:ne sy7n毘etr二C eニer訂tem.
Tiri tュe Case O工 凸e an･i

uTii, ･h･e

1

CISCIJSSe'ユIn the sa這e l化y.

〔
?,.

I:i Orieご tO
COrTlfir,a this disc.iSSion 打e C〇ZBロaごei tin.a radii o: ｣1 anti

′▼

･':he.

/■ ■

The
sy包metric and pairing energy terns of

lLi
and

LBe
are the sane Value and

the difference Qf the Coulomb enerady tern is negligible.
Because of this

/▼ ■■

reason the radii of
lLi

and
(Be

should
be the sa血e Vaiue. Very recently we

obtained the ra(iius of
7Be

in this e.yperi皿ent. The result supported the

discussion above. (The radius of
7Be

will be reported in a next paper.)
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工n this way we explained isobar dependence generally, however, further

theoretical work is needed to understand the behaviour of interaction nuclear

radii.

I
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5.3. Conclusions

We have successfully demonstrated a novel
use

of secondary beams of unstable nuclei pro-

duced by the projectile fragmentation process in high-energy heavy-ion COllisions.
Interaction

cross sections for Ee,Li and
9Be isotopes at 790 MeV/nucleon on Be, C, Al targets were meal-

ured by a transmission type experiment. We have shown that the interaction cross sections

yield interaction radii which are related to the matter distributions o[ nuclei. The interaction

radii de丘ned in Eq. (2.5)are well determined with a typical uncertainty of 0.02 fm. The fact

that the interaction radii of projectile nuclei are almost constant, irrespective o[ the target

nuclei, shows that this quantity lS Characteristic of a nucleus. The measured interaction radii

show good agreement with the RMS radii obtained from electron scattering eXPeriments･ The

r

present eL･periment is the first to measure the size of the β-unstablenuclei systematically in the

light-mass region.

Although c!1angeS in the interaction radii of He and Li isoもopes are qualiもatively under-

s;ood, further work is requlredもo obもaine lit:nO､､,ledgeabcuもunst-able riuCiei. The large deviation

of the llLi
radius from the A 1/3 dependence seems challenging for better understandiユg･ Soon

more data up toji -i7 wil王be anaivzed an(i the deoen(ience c[ the interaction radii on isobars,亀v

isor.cpes and i50も〇neS iri 3, Wi壬ie inn_言e W:iii be reve3.led.

The presenもiy {1;eveiope{i techniqueもO h3.ndie radioactive
ntlC'ieユr lbearrTIS Opens uP a Wide

possibiまit･v o[ 5t･udieごin亡be pT叩ミラ.7-ru三es〇fA3-unsもabie nuclei. ST:u{i主es-in r,his ne.;v昆eid w.;il bring

further irlSighもin亡o znany aspects o[ nucまei ;iTid also offer a ･aI･･三a Where the nuclear many-1body

t王IeOry Can be tesもed.
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Figure captions

Fig 1 : A schematic diagram ofもhe projectile
fragmentation process･

Fig -1 : A schematic diagram of the rigidity selection.

Fig 3 : An example of the distributions or projectile fragments at F2.

Fig 4 : An example of a charge separation.

Fig 5 : The secondary beam line at Bevalac (Beam Li'1)･

Fig 6 : A schematic diagram for energy loss in the production target.

Fig 7
:入,lomentum dispersion vs. Thickness of the production target.

Fig 8-13 : The pulse beigbts vs. TOP for He and Li isotopes.

Fig 14 ‥The interaction radii of stable nuclei obtained from other experimentsIS,16

Fig 15 : The dependence or the statistical errors or the interaction cross section on the attenua-

tion factor -y.

Fig 16 : The perspective view o( the e=perime:1tai seもuPI

Fig 17 : The plan view o[ the experimental setup.

Fig lS : The pulse heiL,hc disT,ribution of a scintillation counter.

Fig lg : T:neも主me resoiutic)ri becweeri SBTl.:, 3.1id
SBT3.i_.

ど:ii,A:○ : 'T'.?iebendini, -Liri.=ie reSOiuもiC,こ.

T;〔･)1 .
′T- '

圭一5 -▲ - iニe C:㌻Clli(Idiこ1ご.l･:LIT"!主T,ユetr三言三i-ラr5:y･Sてe.Ti.

Fi主;･3･-7: A bi(L⊃Ckdi3･gralTTl [(⊃rもbedユrJa takiri筈5さ･stem･

Fig A-13 : The pllise height (lisrJribution afterもile reユCCion taror,et,

Fig 24,･L-15 : The rigidity set)araLions For He anLI Li isotopes aftcrもhe reaction tfLrget･

Fig '16,i)7 : Be･ilm
prOrllcs at the PAT3,-i For target-out run and for target-in run･

Fig 2b'-35 : The scattcring10ut probability (Pm ) ns a Function or the target tllickncss･

Fig 3ES-･13 : The interaction cross
section for I.Ⅰ(/,I(lil(rlLi isotopes obr,･･1ined in cltCll run･



Fig i4-,l･5 : The results or the interaction cross sections or He and Li isotopes.

Fig i16 : The difference of RI for projectile vs. mass number A ･

Fig 47

･
. The diHerence of RI for target nuclei.

Fig i8 : The interaction radii of He and Li isotopes.

Fig L19
: RI is the interaction radii obtained from the present experiment, R,em3 is the charge

rms radius obtained from the electron scattering experiment and
RrGm3 is the calculated charge

rms value of the Gaussian density distribution by which the RI is reproduced.

Fig 50 : The Gaussian density distribution o[ He - C obtained bv semi-classical optical model.■

Fig 51 : The Gaussian densicv distribution For He isotopes
.

*

Fig 52 : The Gaussian density distribution for Li isotopes
■

Fig 53 : The rms radii of 0, Na, K
and Rb isotopes against the neutron number (N)･

Fig 54 : The rms radii of He isotopes.

Fig
･55

: The proton and the neutTOn densicIV discribu･uions for He isocopes.

Fi耳･56 : Tらe cユiClliユted三:HerユCT･lOri Cr〇SS SeCこユ!=･IiS･ 3･nCもユe e･1:Oer,lmelitai JI ･

l l ､ ● ● L
1 1



Appendix

The calculation methods or the interaction cross section, based on the semi-classical optical

mode12e, arc described in appendix･

Based on the Glauber approximation of high-energy nuclear cillision, the interaction cross

section can be written as

CC

qI

-2汀]o 【トT(r)]rdr (A.1)菅

where T(r ) 近 the probability that the projectilewiII pass throllghthe targeもwiもh an impact

parameter r without interaction. The de丘nition of the coordinate for calculatlng the tram-

sparancy function T(r ) are shown in Fig. Al. A cylindrical coordinate system is de丘ned, the

origin 0 a5 the centerof the target nucleus, the _, a.xis as the beam direction and r as the

impact parameter･ The tmnsparancy function T(r ) is given by

･(r)-exp [-Lv:Q(r,:)d:]

where Q (r
,I)

is caiied the "thickness function" by Glauber.. and gives the prcbabilit:.･･ of

inter:lCこicn per u･n_三cp-Li･Lhミei-i貫t王ibetween I and I +･1= aこh･e･1 I:1r ･=_1,L
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where :iT,ZT
are the mass

an(lもhe atomic numbersof the target nucleus,. ▲4P,zp
are the mass

and tile atomic numbers or the projectilenucleus, and J,.i is the proton-proton (neutron-

neutron) tot･al cross section, J.･j is the proto･l-neutron total cross section, and pT ,Pp
are the



density distribution o[ tile target and projectile nucleus, respectively.
We

calculated the

interaction cross sections using the Gaussian-type density distributions･

.i
･ rl:

p(r) -詔万eXpトニl ･ヽ j

α~
(A･5)

where the factor a is the width parameter or the Gaussian distribution and is relatedもb the

r-t-mean-square radius RrGTn3 aS

R,Gms -

vT言a

As the results, the interaction cross section in fmo- are given bv

qI -

q(aT2+ape)【E1(,Y)+1n(,y)+0.5772】

El(,Y)- ]x∞土ニdu
u

7T2百pT (0)bp(0)aT3ap3
･つ iヽ

a7raP-

(A.6)

(A.7)

where aT
,.aP

areもihle Width paT3.merjrs. in [m､ [c'r c♭e G:iuS3iユニdi5TLribuもion [cr tこir言eTua.mid pro-

]ectiie nuclei.
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