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Abstract

The first measurement of the interaction cross sections and the interaction radii of
unstable nuclei (Hé,Li and Be isotopes), were made at 790 MeV /nucleon by using beams of S-

unstable nuclei produced by the projectile fragmentation in high-energy heavy-ion collisions.

In high-energy nucleus-nucleus collisions projectile fragments are emitted into a narrow
cone with nearly the same velocity as 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 according to their magnetic rigidity by using a magnetic analysing sys-

tem and according to their dE/dx and time-of-fight by using scintillation counters.

The interaction cross sections o for collisions between these nuclei and the targets of Be,
C, and Al were measured by using a transmission-type experiment. From the measured interac-

tion cross sections the interaction radii of these nuclei were deduced by using the equation
ar(p,t)=n[R;(p )+R;(¢)]?

where R, (p) is the interaction radius of a projectile nucleus and R;(¢) is that of the targét
nucleus. In this equation we assumed that the surface diffuseness of nucleus is effectively
included in the interaction radius. The separability of B;(p ) and R;(¢) assumed in the equa-
tion was found to be valid within +0.02 fm due to the observation that the interaction radius of

the projectile nucleus is independent of species of the target nucleus and vice versa.

The interaction cross sections and the interaction radii for all the known He and Li iso-
topes and Be were measured, for the first time, and the dependence of the interaction radii on
isobars (®°He-®Li,%He,?Li) and isotopes (He and Li isotopes) were studied. The interaction radii of

light nuclei, including unstable ones, showed the mass number dependence of roughly 1.2 A 13,



It was also found that the interaction radius of *He is larger than that of *He. This is consistent
with the difference of their charge radii determined by electron scattering experiments. How-
ever, the interaction radius of "Li was found to be considerably larger than 1.2X A 13 A meas-
urement of the isobar dependence shows that the interaction radii of ®Li and 3Li are smaller by

about 0.1 fm than those of ®He and ®He, respectively.

The interaction radii R; obtained in this experiment for stable nuclei were compared with
the root-mean-square radii R,;,, determined from electron scattering. The semi-classical optical (
model calculation, which assumes Gaussian density distribution for nuclear matter, reproduced

measured K; and R,%,, reasonably well.
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1. Introduction

Since Rutherford had found the effect of a strong-interaction radius of the atomic nucleus
in early alpha-particle scattering (1929), much effort has been made to measure the radii for
various nuclei and many methods have been developed during the past 50 years. Although pre-

1,23 35 well as with

cise information has been obtained from the electron scattering experiments
other electro-magnetic probes such as muonic X-rays* and isotope shifts®, they are primarily
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 pxjotonss'7’8 from nuclei.
High-energy proton experiments have the advantage that the scattering mechanism at high
energy is well known and. there exists a reliable scattering theory which establishes the relation-

ship between cross sections and free proton-nucleon amplitudes as well as the nuclear densities

to be investigated.

Nuclear radii of stable isotopes have been extensively studied by electron scattering,
muonic X-ray and optical isotope-shift measurements. The difference in root-mean-square(RMS)
radius between isotopes and isotones shows a systematic trend with a strong shell effect, e.g.,
the difference of radii is large at the beginning of a neutron or proton shell and decreases
linearly toward the end of the shell®.

The isotope-shift measurement has been extended to unstable isotopes!®.

Interesting data
have been obtained on Hg and on alkali isotopes. Although the applicability of the method is
restricted to specific elements, it already provides a challenging test 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 of unstable nuclei.



Page 2

In the last 10 years, projectile fragmentation process has been studied extensively in high
energy nucleus-nucleus collisions!"*>!3, 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 efficient production of secondary beams of unstable nuclei.

In this experiment we have successfully measured for the first time the interaction cross
sections (o ) for nucleus-nucleus collisions using beams of unstable nuclei. The o is defined as
the cross section for the change of proton and/or neutron number in the incident nucleus. We
have then deduced the interaction radii (R;) of the nuclei from the o; measured in a
transmission-type experiment. The secondary beams of unstable nuclei were produced by bom-
barding a Be target with primary beams of !!B, 1% and *’Ne at an’incident energ; of 800
MeV /nucleon. The beams were accelarated by the high energy heavy ion accelerator (Bevalac)
at Lawrence Berkeley Laboratory (LBL). The produced nuclei were selected according to their
magnetic rigidity (P /Z), the velocity (8c) 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
due to the nuclear reactions. The same selection procedure was used to determine the number
of non-interacting nuclei, however, in this case the magnetic rigidity, the velocity and the charge

were determined after they had passed through the reaction target.

The interaction cross section o; is written as

A Nine
Nyt n N, (1.1)

gy =

where A is the mass number of the target, N, is the Avogadro number, t is the target thick-

ness in g/cm2, Ni,. 1s the number of incident nuclei and IV, is the number of non-interacting
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nuclet.

The interaction cross section at the present energy region is simply related to 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
projectile nucleus independently of each other. For the independent condition to hold strictly,
it is necessary that the nucleon de Broglie-wavelength X\ and the range of nucleon-nucleon
interactions be smaller than the average internucleon spacing. The nucleon-nucleon interaction
range is ¢ 7= 0.3X107!3 cm, where ¢ is the velocity of light and 7 is the interaction period for
a strong interaction. At 790 MeV/n'ucleon, 2=0.14%X 10" ¢m and the mean nucleon-nucleon

separation is about 1.8 1073 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
reflects a well-defined geometrical nuclear size in this energy region. It is thus natural to express

the interaction cross sections o;(p,t) by the interaction radii R; as follows

or(p,t )=n[R(p )+R;(t)]? (L,2)

where p and t denote the projectile and target nucleus respectively. The validity of this rela-
tion is strengthened by the fact that the deduced radii R;(p ) and R;(¢) are independent of the

combination of projectile and target nuclei.

This thesis will report the results of the measurements made with He and Li isotopes. In
chapter 2 the principle and the method of the experiment are described. The production and the
properties of the secondary beams are also described. The data analysis method is explained in
chapter 3. Sources of error and data corrections are discussed. The interaction 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.
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2. Experimental method

2.1. Production of the secondary beam

The secondary beams of unstable nuclei as 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 of unstable nuclei. Second, the principle of selecting the
secondary beam of interest is discussed. Finally we describe the secondary beam line which we

used.

2.1.1. Projectile fragmentation

In hhigh-energy nucleus-nucleus collisions, only those constituent nucleons in a projectile
nucleus, which interact with other constituent nucleons in a target nucleus, take part in strong
nucleon-nucleon collision, and they are classified as participants. While other nucleons, which
did not interact strongly with other nucleons, remain intact as spectators. Figure 1 shows a
schematic picture of this process. Spectators, the projectile fragments in other words, move at

the same speed as that of the incident beam?!!.

It was found!? that the projectile fragments have, in the rest frame of the projectile, a

Gaussian momentum (P ) distribution

W (P )=exp _P,:
25 -
2.1
with (2.1)
s B-1

where B is the mass number of the beam, F' is the mass number of the fragment, and sy = 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 (

V1-482

1o
i
N’

For instance when 800 MeV /nucleon 1B is used as a primary beam, the momentum spread
(AP) of ®He in the laboratory frame is about 2.2 %. The spread in emission angle (Af) is about
0.7 degree. A high collection efficiency is expected when the projectile fragments are used as a

secondary beam, because of these characteristics of the projectile fragment.

2.1.2. The principle of selection for nuclide

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 magnetic rigidity (P /Z ), the energy loss

(dE /dz ) and the velocity (0Oc) 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 principle of rigidity selection is shown schematically in Fig. 2. The primary beam is
projected onto the production target positioned at F1, the focus of the primary beam. Among
the various nuclear species produced in the production target, the nuclei with different rigidity
are focused onto different positions at F2 through the bending and focussing magnets. A pair of
Cu blocks was placed at F2 to degrade the energy of nuclei which have rigidity values different
from that of the nuclei of interest. Only the nuclei with selected rigidity are then transported to
the experimental area through the secondary beam line. Because projectile fragments are emit-
ted with velocity equal to that of the incident beam, the rigidity separation is almost identical

to the A /Z separation because P /Z =pA /Z =pBmA [(Z \/l—ﬂz) and [ is 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 of intensity distribution of various nuclide at F2, when the *C
primary beam is used. In this case the bending and focussing magnets are adjusted so as to
select A /Z =~3. When we set a slit of 5 mm width at the center of distribution, the secondary
beam of ®He, °Li and 3H will be obtained. After the magnetic rigidity selection, the secondary

beam is still a mixture of nuclet with different charges.

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

When a relativistic particle passes through a plastic scintillator, the pulse height is almost
proportional to Z? for small Z . Figure 4 shows a pulse height distribution in a scintillation
counter, when SHe, %Li, and 3H were selected by the beam line. The 3H peak is not seen in this

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

higher than the ®H pulse height. Clear separation between °H, *He and Li was observed.

(3) Time-of-flight (TOF) was measured by two scintillation counters (50 m separation) to

determine the particles velocity.

When two or more isotopes of 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 of nuclear species by their rigidity and charge was so clear that TOF separation

was used only to reduce the background in the beam.

2.1.3. The beam line for secondary beam at the Bevalac

The secondary beam line used in this experiment at the Bevalac of Lawrence Berkeley
Laboratory is shown schematically in Fig 5. The primary !B beam was focused at F1, the first

focus after extraction of beam from the Bevalac, and here a production target of Be (5 g/cm® in
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thickness)

was positioned.

The uncertainty in 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. (See Eq. (2.1) and Eq. (2.2)) The other is due to the difference
in the energy loss in the target between the incident and the product nuclei. The mechanism
which produces the energy broading is schematically shown in Fig. 6. When an incident nucleus
reacts at the entrance of the target, the energy loss in the production target is that of the pro-
duct nucleus. When an incident nucleus reacts at the exit of the target, the energy loss in the
production target is that of the incident nucleus. When the interaction occurs somewhere in the
middle of 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 efficiency 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 difference in energy losses of the incident and the product nuclei, is
comparable to the momentum spread due to the production reaction. The relation between
momentum spread and the thickness of production targes is shown in Fig. 7. Here, 8He is pro-
duced by the fragmentation of *C nucleus on Be target. From Fig. 7 it is seen that a Be pro-
duction target with thickness 5 g/em® is cptimum.

Various nuclear species produced in the production target were then transported through
the bending magnet (M1) and a set of focussing magnets (Q1) to the momentum dispersive
focus, F2. Isotopes with different rigidities were focused on different positions at F2 as described
in the previous section. We placed the isotope slit made of a pair of Cu blocks (35 cm in length)

at F2 for degrading the energy of other species which have different rigidity from that of the
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Schematic diagram for energy loss
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isotopes of 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). A
momentum spread of a few percent was attained by transporting the rigidity spread nuclei to

the experimental area.

The procedure of selecting the nuclei of interest is as follows: The incoming isotopes are
selected by a scatter plot of pulse height and TOF. Then the widths of the slits at F2 and F3
are determined such that the ratio (Intensity of secondary beam)/(Intensity of primary beam) is (

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

2.1.4. The Property of secondary beam

In this experiment, !B, °F and B were used as primary beam. The following secondary

beams were produced from these primary beams,
llB — 3H,
He,*He,%He,3He,
81i,7Li, %L1, L,
7Be,gBe,mBe ’ {
IQF — IOB,’"QC,MN
®Ne — ML,
uBe,mBe,“Be,
8 11p 12 13g 14 158
100, 30,150’;60’

ISN,WN
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Scatter plots and histograms of the pulse height vs. the TOF of each He isotope are shown
in Figs. 8 - 11, 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
nuclei with a charge state different from that of the nucleus of interest was well less than 1072,
Full widths at half maximum (FWHM) of the TOF spread were 1.3 to 1.7 nano-second, which
correspond to momentum spreads of 2.6 to 3.4 percent for He isotopes. When ®He was tran-
sported, we opened the slit at F2 wide enough to cover the entire momentum spread so that the
maximum yield of 8He isotopes was obtained. In other cases (3He,4He,5He), only a narrower por-
tion of the secondary beams was selected by the smaller slit width at F2. Thg running condi-

tions 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 section and the interaction radii

The interaction cross section is defined 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 attenuation of incident nuclei in the reaction target. Both the incoming nuclei and the out-
going nuclei were identified, and the number of incident nuclei and the number of non-
interacting nuclei were counted. The counter system after the reaction target was large enough
to detect most of the non-interacting nuclei which experienced Coulomb scattering or nuclear

elastic scattering.

The interaction cross section ¢; was calculated by the following equation

A [ '70(1_Pm )
oy = In
Nyt o
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Running condition of beam line

Discription He ‘He He 8He
t MBe intensity 2%x10® | 1x107 2% 107 2x108
(per one pulse) -
Opening width
F2 Slit (cm) 1.02 0.54 0.76 2.30
F3 Slit (cm) 1.27 1.81 1.52 1.80
# of count
(typical)
at F'3 10000 20000 2500 1000
trigger 1000 1500 1000 400
accepted trigger 500 700 320 270
width of TOF
FWHM (ns) 1.3 1.4 1.4 1.7
correspone to
AP/P(%) 28 2.3 23 3.4

Table 1
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where A is the mass number and ¢ is the thickness (g/cm®) of the reaction target, N4 is the
Avogadro number. The beam attenuation factor v is defined as y=N,,, /N;,. for a target-in
run (N, is the number of incoming nuclei, N,,; is the number of outgoing nuclei which have
the same charge and mass as the incident nuclei) 7, is the same ratio for a target-out run. By
taking the ratio ~o/~, uncertainties due to the counter efficiency and reactions occurring outside
of the reaction target were automatically corrected. The factor (1-P,, ) is a correction for
scattering out of non-interacting nuclei out of the counter system after the target due to multi-

ple Coulomb scattering or nuclear elastic scattering.

From Eq. (2.3), we calculated the error in o, as
2
Ady 1 , 1%
== 1 +
g [Vinc b N(Jinc Jo

,[At]2
L | AL
t

where NVg;,. is the number of incoming nuclei before the reaction target for a target-out run.

a9
-

A(1-P,,)
(l_Pm )

A(Y/)
(/%)

2 A 2
U'INAt

(2.4)

The first and second terms are statistical errors which are dependent on the uncertéinty of ~
and . The first term are calculated by using the binominal distribution of the numbers IV,
and Ng,,;, where Ng,,, is the number of the non-intercting nuclei for a target-out run. When

the N, foilows the binominal distribution, AN, =/Nj. v (1-7) and

A me{ AN /N
- "'—“—\‘\aut / “\‘inc

)=\/m. Using this A, the first term of Eq. {2.4) was obtained.
The second term is obtained by the same procedure. In this experiment, these two terms were
the dominant source of errors. The third term is due to the mixture of the different nuclei. The
fourth term comes from the uncertainty in the scattering-out factor P, . The fifth term comes

from the error in determining the thickness of the reaction target, and it was negligibly small in

all of the measurements.
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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/nucleon'**®. The nucleon-nucleon cross section
shows the saturation at above 800 MeV. It is therefore considered that interaction cross section
(o) reflects a geometrical nuclear size. We operationally define a interaction nuclear radius®® by

the equation
or =R (p) + B (¢)]? (2.5)

where R;(p) and R;(t) are the interaction radii of the projectile and the target nuclei respec-
tively. We assume the separability of the radii of the target and the projectile nuclei here. In

6

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

D.L.Cheshire et al'?. The radii of stable nuclei which have been deduced before, using this equa-

1/3 is consistent with the half den-

tion, are plotted in Fig. 14. The behavior of dependence on A
sity radius obtained from electron scatterihg. The validity of the assumption of separability will

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

different targets as well as the independence of the target radius from the species of projectile.
2.2.2. Experimental setup

2.2.2.1. General design

The experimental setup is shown schematically in Fig.15 The plan view of the setup is

shown in Fig.16.

A plastic scintillation counter was placed in the beam line (See Fig. 5) at F3 (SF3: Scintil-
lation counter at F'3). In the experimental area, wire chambers (PBT1, PBT2: multi wire Pro-
portional chambers Before the reaction Target) and plastic scintillation counters (SBT1 - SBT4:
Scintillation counters Before the reaction Target) and a veto scintillation counter were used

before the reaction target. A spectrometer magnet (HISS: Heavy Ion Spectrometr System) Wire

P



(ftm) —

R
N

N

0

Page 27

Figure 14

XBL 844-1419



61 vandi

o
{X.Y.V) SBT(1-4) Target o
[00]

e PAT3 (X,U)

0 10 2 ]
\ [ U W cm
\ uLl W} LI} [ \Lj\\.‘
definition of X.Y,U.V planes d
6 1 20 Y SAT(1-6)
a1 1} Cm
\\ / ® \ X‘\l/vz
: beam
X plane Y plane U plane V plane

— -~



g1 @1nd

E690H

setup

XBL B44-142}



Page 30

chambers (PAT1 - PAT4: multi wire Proportional chambers After the reaction Target) and six
plastic scintillation counters (SAT1 - SAT6: Scintillation counters After the reaction Target)

were placed after the bending magnet (HISS).

After the reaction target, the trajectories were determined by the wire chambers PAT],
PAT2, PAT3, PAT4 to measure the bending angle by the 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 varid from
5 g/cr.n2 to 20 g/cm®. We used three different target materia.ls. (Be, C, Al) in order to see the
mass dependence of the interaction cross sections and to verify the interaction radius separabil-
ity. Two or three different thicknesses of the same target material were used to confirm the
thickness independence of the interaction cross sections. The targets of different thicknesses
were also used to examine and correct for intensity losses due to the scattering-out of non-
interacting nuclei. For vy=1 and P,, =0, the statistical error for interaction cross sections is

written as a function of attenuation factor

Aoy _ 1 1— (2.6)
g Un"}/ _t f\l'inc 8 o

The error is affected not only by the counting statistics \/Nj,, but alsc by the thickness of the

target. Figure17 shows the factor

1 - 27
ey IV~ (27)

depends on the attenuation factor 4. When the same number of incident nuclei are counted, the

error is minimized for a target whose thickness is chosen such that v=0.2. On the other hand, a

thicker target causes a larger percentage of multiple Coulomb scattering which leads to a larger
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uncertainties in P,, . The target thickness were chosen to keep the statistical error as low as
possible under the condition that at least 99 percent of non-interacting 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 identified by the pulse heights in scintillation counters
SBTs and SATSs. The velocity of particles was also measured by the time difference between
event in two scintillation counters SF3 and SBTs. Geometrical dimensions of the scintillation

counters are listed in Table 3.

The SBT's consisted of four scintillation counters (SBT1, SBT2, SBT3, SBT4). Scintillation
light in SBT1 and SBT3 was taken from the right-hand side of the scintillators. Scintillation
light in SBT2 and SBT4 was taken from the left-hand side of the scintillators. The veto counter
was used to define the maximum size of the incident beam and to reduce background triggers.
Figure 18 shows a pulse height spectrum in SBT1. Clean charge separation can be seen in the
spectrum. The inclusion of any other charges was less than 1072 when charge was selected by
one scintillation counter. The average time difference as measured with SBT1-SBT2 and with
SBT3-SBTH is shown in Fig. 19. The resolution in this time difference is 400 pico-second
(FWHMD.

The SATs consist of six scintillation counters (SAT1, SAT2, SAT3, SATY, SATS, SATS).
The signals were collected at both ends of each scintillator, thus the location independent pulse
height of SATs could be obtained. Figure 18 shows the pulse height spectrum of SAT1. The
inclusion of any other charges in a selected charge by one scintillation counter was less than 107

here, also.

st
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Reaction target parameters

t attenuation(+y)
Name | Z | A | Thickness | (¢/Lg )" for Note
(g/cm®) He isotopes
. 99.46 % °‘Be
Bel 4| 9 8.864 0.37 0.61-0.71 0.33 % '®0
in weight
99.46 % °Be
Be2 41 9 18.255 0.53 .0.38-0.53+ | 0.33 % '®O
in weight
; : 98.90 % '*C
C1 6 | 12 10.196 1 0.49 0.63-0.73 1.10 % '3cC
' : in weight
98.90 % '*C
Cs3 6 | 12 5.179 0.35 0.77-0.83 1.10 %% '*cC
in weight
All 13 | 27 6.739 0.53 0.79-0.85
Al2 13 | 27 13.455 0.75 0.66-0.75
Al3 13 | 27 20.197 0.92 0.55-0.67

Diameter of all target are 7.62 cm

Lp is the radiation length of the matrer.

Table 2
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Plastic scintillation counters

Name X (mm) | Y (mm) | thickness (mm) Location
SF'3 30.0 30.0 3.0 at F'3
SBTs 50.0 70.0 3.0 before reaction target
(SBT1-SBT4) (4,scint.)
Veto 200.0 200.0 3.0 before reaction target
(hole) 50.0 50.0
SATs 400.0 300.0 3.0 after reaction target
(SAT1-SATS) (6 scint.)

Table 3
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2.2.2.4. Multi-wire proportional chambers and the bending magnet HISS

Thirteen planes of multi-wire proportional chambers (MWPCs) were used to determine the
trajectory and to select the rigidity of the nucleus with the HISS spectrometer magnet. The
definition of coordinates is given in Fig. 16. Geometrical dimensions of MWPCs are listed in

Table 4.

The incoming angle of the nucleus was determined by two planes of PBT1(X,Y) and three
planes of PBT2(X,Y,V) and the outgoing angle was measured by one plane of PAT1(X), three
planes of PAT2(X,Y,U), two planes of PAT3(X,U) ,and two planes of PAT4(X,V). The
definitions of X,Y,U,V planes are shown in Fig. 16. The bending angle resolution determined by
these MWPCs and HISS magnet was 3.0 mrad (FWHM) as shown in Fig. 20. On the average,
the nuclei were bent through an angle of 11 degree after the reaction target, rigidity resolusion
of the system was thus 1.6 percent (FWHM). We u'sedﬁl\/f\fVPCs redundantly after the reaction
target to obtained good MWPC system efficiency. As a result of this redundancy the tracking

efficiency of the MWPC system after the reaction target was greater than 99.0 percent.

The HISS spectrometer magnet has a pole gap of 1 m and a pole diameter of 2 m. In order
to reduce the multiple Coulomb scattering and background reactions, a vacuum was maintained
in the gap volume. This resulted in a reduction to 10.6 percent by weight of the amocunt of

material from the reaction target to the exit window of HISS.

.2.2.5. The helium bag

A helium bag was placed after the vacuum chamber to [urther reduce the amount of
material. It had a columnar shape 3 m in length and 60 cm in diameter. The amount of material
from the exit window of HISS to SAT was reduced to 20.8 percent in weight by the addition of
using the helium bag. The amount of material in the beam line before and after SBTs are listed

in Table 5 and Table 6 respectively.
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Multi wire proportional chambers

Active Wire Number
Name area spacing of Location

(mm) (mm) wires
PBTIX | 128.0 2.0 64 ~before reaction target
PBT1Y 128.0 2.0 64.
PBT2X | 128.0 2.0 64 before reaction target
PBT2Y 128.0 2.0 64
PATIX | 384.0 3.0 128 after reaction target
PAT2X 384.0 3.0 128
PAT2Y | 336.0 3.0 112 after reaction target
PAT2U 480.0 3. 160
PATIX 528.0 3.0 176 after reaction target
PATIU 672.0 5.0 112
PAT4X | 528.0 3.0 176 after reaction target
PATYV 672.0 6.0 112

Table 4




Page 39

Amount of material in the beam line before reaction target

Name Material Thickness Note
(g/cm?)
Mylar (CsHgOo) 0.0278 window, 100 um
PBT1 | Argon (Ar) 0.0089 gas, 5 cm
(X,Y) | Copper (Cu) 0.0076 H.V. wire, 60 um ¢
Tungsten (W) 0.0006 sense wire, 20 um ¢
Mylar (CsHgOo) 0.0278 window, 100 pum
PBT2 | Argon (Ar) 0.0089 gas, 5 cm
(X,Y) | Copper (Cu) 0.0076 H.V. wire, 60 um ¢
Tungsten (W) 0.0006 sense wire, 20 um ¢
Mylar (CsHgOo) 0.0278 window, 100 um
PBT2 | Argon (Ar) 0.0053 gas, 3 cm
\%2) Copper (Cu) 0.0051 H.V. wire, 60 um ¢
Tungsten (W) 0.0006 sense wire, 20 um @
SFE'3 Scintillator 0.3096 plastic, 3 mm
Aluminum (Al) 0.0346 cover, 64 um
SBT1 | Scintillator 0.2096 plastic, 3 mm
Aluminum (Al) 0.0346 cover, 64 um
SBT2 | Scintillator 0.3096 plastic, 3 mm
Aluminum (Al) 0.0346 cover, 64 um
SBT3 | Scintillator 0.3096 plastic, 3 mm
| Aluminum (Al) 0.0346 cover, 64 um
SBT4 | Scintillator 0.3096 plastic, 3 mm
Aluminum (Al) 0.0346 cover. 54 um
Veto Aluminum (Al) 0.0348 cover. 64 um
Alr Air 0.6025 total 5 m air gap
before reaction target
Total 2.4867 total amount before reaction target

Table 5
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Amount of material in the beam line after reaction target

Name Material Thickness Note
(g/cm?)
Mylar (CsHgOs) 0.0278 window, 100 um
PATI1 Argon (Ar) 0.0107 gas, 6 cm
(xX) Copper (Cu) 0.0101 H.V. wire, 60 um ¢
Tungsten (W) 0.0006 sense wire, 20 um ¢
Mylar (C3H0,) 0.0278 window, 100 um
PAT2 | Argon (Ar) 0.0107 gas, 6 cm
(X,Y,U) | Copper (Cu) 0.0101 H.V. wire, 60 um ¢
Tungsten (W) 0.0006 sense wire, 20 um ¢
Mylar (CsHgO») 0.0278 window, 100 um
PAT3 Argon (Ar) 0.0089 gas, 5 cm -
(X0 Copper (Cu) 0.0076 H.V. wire, 60 um ¢
Tungsten (W) 0.0006 sense wire, 20 um ¢
Mylar (CsHgO.) 0.0278 window, 100 um
PAT4 | Argon (Ar) 0.0089 gas, 5 cm
x,v) Copper (Cu) 0.0076 H.V. wire, 60 um ¢
Tungsten (W) 0.0006 sense wire, 20 um ¢
SAT1 Scintillator 0.3096 plastic, 3 mm
Aluminum (Al) 0.0346 cover, 64 um
SAT?2 Scintillator 0.3096 plastic, 3 mm
Aluminum (Al) 0.0346 cover, 64 um
SATS3 Scintillator 0.3096 plastic, 3 mm
Aluminum (Al) 0.0346 cover, 84 um
SATH Scintillator 0.3096 plastic, 3 mm
Aluminum (Al) 0.0346 cover, 64 um
SATS Scintillator 0.2056 plastic, 3 mm
Aluminum (Al) 0.0345 cover, 64 um
SAT6 Scintillater 0.209¢6 plastic, 3 mm
Aluminum (Al) 0.0345 cover, 64 um
HISS Capton 0.017 window, up stream
Capton 0.034 window. dewn stream
He bag | Alminyaed mylar 0.0010 window, up and down stream
Helium (He) 0.0534 3 m
Alr Air 0.08-44 70 cm air gap
from target to SAT6
Total 24432 total amount after reaction target

Table 6
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2.2.3. 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 trigger was

—
o
[0 0]

N

Trig=SF 3*(SBT 1*SBT 2*SBT 3*SBT 4)*Veto
where "*’ means logical AND.

In this experiment, we used window discriminators, which allow lower and upper limits on
the pulse heights, to select the proper charge. The timing of the trigger was determined by

SBT1. 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 acquisition system is schematically shown in Fig. 22. Using this system,
we recorded all pulse heights in the ADCs and all timing information in the TDCs. We also
logged the hit patterns of all MWPCs and the contents of all scalers. The beam-on period was

about 1 second and the beam-off period was about 4 seconds.

The stream of data taking was as follows: The MBD(Micro programmed Branch Driver)
was started by a "beam-on” interrupt signal from Bevalac and waited for an event trigger sig-
nal. After the event trigger signal was accepted by the MBD, it started to read the registers, the

ADCs, the

DCs and data concerning the hit positions of the MWPCs through a CAMAC

[

crate. The data were subsequently transfered to 2 memory module(256K words) in the CAMAC
crate. This procedure was repeated during the beam-cn period to accumulate the data. When
the beam-off signal from the Bevalac was accepted, the MBD read back the data from the
memory module, then recorded the data onto a hard disk connected to the PDP 11/44 com-
puter, which then recorded all the data onto the magnetic tape. On-line data analysis was per-

formed during the beam-off period. Histograms and scatter plots of any combination of the data
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could be displayed to monitor the experimental system.
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3. Data analysis

3.1. Procedure of data analysis
Data analysis was done using VAX 11/780 of the HISS group at the Bevalac.

First, we counted the number of incoming nuclei (V;,, ) after identifying each nucleus. The
selection criteria were so stringent that the inclusion of other nuclear species in the incident
beam was negligible. We then counted the number of non-interacting nuclei (V,,, ) among the
incident species of nuclei after identifying each nucleus again. Details of the selection are

described below.

3.1.1. Identification of incident nuclei
The incoming nuclei were identified as follows:
(1) The TOF between Si’3 and SBTs was in a proper range.
(2) The pulse heights of all four SBTs were in a proper range.
(3) Only one track was observed by PBTs before the reaction target.

A typical pulse height and the TOF spectra are shown in Fig. 9. The inclusion of other
» . . v . =9 . . . . . . .
atomic number nuclei is less than 107 by using one scintillation counter for the identification.

~

The inclusion was negligibly small when all four scintillation counters before the reaction targes

were used. The number of incoming nuclei (V,, } was obtained by counting the nuclei which

satisfy the above condisions.

3.1.2. Identification of non-interacting nuclei

After the reaction target, all nuclei which hit the SATs were identified. In order to select

the non-interacting nuclei, the following criteria were used.
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(1) The nuclet detected after the reaction target were required to have the same charge as

those detected before the reaction target.

Figure 23 shows the pulse height distribution of one of the SATs for charges of 2 or 3 as
selected by using the SBT. The inclusion is about 1.0 1072 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 of the six charges identified b}> 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 was found to give the same charge except negligible

number of cases.

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

were still mixed m the proper rigidity range.
(2) The rigidity I'?r the nucleus obtained by MWPCs and HISS magnet after the reaction tar-
get Is in a proper range.

The mass of nucleus can be separated by sorting the beam according to their rigidity after
the reaction target. Typically the momentum spread due to the production reactions in the
reaction target is at most a few percent. For light nuciet (A<10), therefore, there is no rigidity
overiap between neighboring isotopes.

Figure 24{a} shows a scatter plot between spectrometer exit angle and the position for the
outgoing nuclei at PAT1,2 with an incident beam of °He. A clear separation between *He, which
is produced in the target, and ®He is seen. Figures 24 and 25 show the rigidity distribution for
He and Li isotopes after the reaction target. All histograms show clear separation between beam

nuclei and the other isotopes.
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We obtaine the number of non-interacting nuclei (V,,, ) as

Ny
WNoyt Ve N, ot ( 71)

w

where IV, is the number of nuclei identified as having the same charge as the incident nuclei by
the SATSs, Ny, is the number of nuclei identified to be in a proper rigidity range by the PATs,
and N, is the total number of nuclei traced by PATs. The ratio Ny,;; /Ny, was always at
least 0.98. The uncertainty of the factor Ny, /Ny, was less than 1.9 107° for He isotopes

and 2.3 107 for Li isotopes.

3.1.3. Corrections for the scattering-out of non-interacting nuclei

A small number of non-interacting nuclei were not detected by SATs due to the large-angle
scattering. Figure 26 and Figure 27 show the beam profiles at PAT3,4 for a target-out run and a
target-in run, respectively. These profiles can be fitted by a Gaussian distribﬁtion (for the cen-
tral part) and an exponential distribution (for the tail part). The number of non-interacting

nuclel which escaped was estimated by the following procedure.

(1) The central part of beam profile at PAT3.4 was fitted by Gaussian as

G{z,y}=e:~{p !-—(_I~1 hs :~"} .! (32}
4

and the standard deviations (5., ,S,0u ) of this Gaussian distribution were obtained for a
target-out run. (see Fig. 26).

S,

yin ) for a corresponding target-in run. (see

(2) This procedure was repeated to obtain (S, ,
Fig. 27)
(3) We assumed the beam profile for the target-out run as a mother distribution M (z,y )

which included an exponential part of the beam prolfile.
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(4) The number of escaped nuclei N,,, was then calculated from the beam profile for the

target-in run which was assumed by expanding the mother distribution as

' Sou SU b/
M(z,y)— .M[ x?—u—,y S.u“ ] (3.3)
inz iny

The scattering-out probability (P, ) was then determined as

P, = N:, (3.4) (

where N, is the total number of nuclei in the mother distribution M (z ,y ). Then the factor
P, was used in Eq. (2.3) for the correction.
Figures 28 - 35 show the scattering-out probability (P, ) thus obtained for He and Li iso-

tope. The dushed line shows a fitting function

t /L .
F[f}—?_] = exp[—a —:; + b] (3.5)

which was expected from the model (gaussian + exponential tail) for the beam profile at SAT.
Here ¢ and b are the fitting parameters for the function, ¢ is the thickness of the reaction tar-

p is the radiation length of the target material. The cut-of values of the mother dis-

(]

get, and
tribution are proportional to the factor \/Lp /¢ when multiple-Coulomb scattering is dominart.
A good fitting of this functicnal shape suggest that the scattering out is mainly due to the
multiple-Coulomb scattering. The uncertainties of P, , which are quoted in Figures 28 - 35,
were estimated to be the standard deviations of the factor P, as obtained from that of the

fitting function F (¢ /Lg ).
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3.1.4. Summary of errors

The errors associated with the interaction cross section were estimated from the uncertain-
ties in v, Yo, 7/70, (1-Pn, ) and ¢ 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 . In estimating the errors,
we found the first and the second terms in Eq. (2.4) to be dominant and to have a value of
11072 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~%. The fourth term, which comes from the
error in the scattering-out factor P,, , was at most 5.9X 107, The fifth, term which comes from

the error in the target thickness, was at most 6X107*
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Errors in interaction cross sections X1073

Target Discription *He ‘He *He He
Total Aoy /o) 9.6 10.3 10.8 8.1
Ay 8.9 9.5 10.3 7.7
Bel A 3.2 3.5 3.1 2.2
A(1-P,,) 1.5 16 | -09 0.8
A(v/7) <10 | <10 | <08 | <07
At 0.08 0.08 0.08 0.08
Total Aoy /o 9.5 8.9 8.0 5.1
A~y 9.2 8.5 7.8 4.9
Be2 A 2.2 2.1 L5 0.9
A(1-P,,) 1.2 1.3 1.2 1.2
A7) <05 | <05 | <04 | <0.3
At 0.3 0.3 0.3 0.3
Total Aoy /o; 10.0 11.0 11.3 6.9
Avy 9.1 10.0 10.6 6.5
C1 Ang 3.3 3.8 3.4 1.9
A(1-P,,) 2.3 2.3 2.0 1.1
Alv/7) <11 | <12 | <08 | <07
At 0.6 0.6 0.5 0.6
Total Aoy /oy 15.1 20.6 11.9 10.0
A~ 13.2 12.0 10.6 9.1
C3 Ay 6.5 9.3 47 3.3
Al1-Pn) 23 o7 2.0 0.8
Alv/ ) <21 <23 <1.8 <1.4
At 0.1 0.1 0.1 0.1

~ : attenuation factor (=N,q /Nin ) in target-in-run

~o : attenuation factor in target-out-run

(1-P,, ) : capture efliciency for non-interacted particles

Table 7 (a)




Errors in interaction cross sections X107

Target Discription *He He *He ®He
Total Ao, jo; | 163 | 227 | 18.9 | 114

Ay 141 | 192 | 165 | 100

All A 74 | 103 | 78| 45
A(1-P,, ) 50| 59| 44| 271

A(v/70) <23 | <26 | <19 | <17

At 0.2 0.2 0.2 0.2

Total Aoy /oy 11.0 145 12.6 7.9

A~ 9.5 129 | 11.4 7.0

Al2 Ao 371 521 39| 23
A(1-P,,) 39 | 38| 37| 271

Av/0) <12 | <13 | <09 | <03

At 0.4 0.4 0.4 0.4

Total AU’[ /0‘[ 13.5 9.6 10.4 6.7

A~x 126 8.6 9.5 5.8

Al3 A~y 1.5 2.3 2.8 1.5
A(1-P,,) 150 33! 33| 30

Al o) <10 | <08 | <08 | <08

At 0.4 0.4 | 0.4 0.4

~ : attenuation factor {=.V,q /N, ) in target-in-run

~g @ attenuation {actor in target-out-run

(1-P, ) : capture efficiency for non-interacted particles

Table 7 (b)




Page 66

Errors in interaction cross sections X107

Target Discription °Li Li 8Li Li
Total Aoy Jo; | 130 9.7 11.2 9.0
A~ 12.1 9.1 10.7 8.5
Bel A 3.9 3.0 3.3 2.7
A(1-P,,) 2.6 1.0 0.7 0.5
Aly/7) - | <11 <0.8 <0.8 <0.9
At 0.08 0.08 0.08 0.08
Total Aoy /o; 9.9 7.2 8.4 6.6
A~ 9.4 6.9 8.2 6.4
Be2 | A 1.9 1.4 1.6 1.3
A(1-P,,) 2.5 1.4 0.8 1.1
A(v/7) <0.5 <0.4 <0.4 <0.4
At 0.3 0.3 0.3 0.3
Total Aoy /o; 14.3 10.4 11.9 9.2
A~ 13.1 9.6 11.2 8.6
C1 A 43 3.2 3.6 2.9
A(1-P,) 3.7 2.1 1.3 1.2
Alv/70) <l.2 <0.9 <0.9 <0.9
At 0.6 0.6 0.6 0.6
Total A&, /ey 20.9 15.2 17.9 13.6
A~ 18.3 13.8 153.3 12.1
cs Ay 8.4 8.3 7.0 5.8
A(1-P,) 45 16 1.0 1.0
A~/ ) <24 | <17 | <17 | <18
At 0.1 0.1 0.1 0.1

~ : attenuation factor (=N, /iV;,. ) in target-in-run
o : attenuation factor in target-out-run

(1-P,, } : capture efficiency for non-interacted particles

Table 7 (c)




Errors in interaction cross sections X100~

Target Discription °Li Li 8Li Li
Total Ac; /oy 24.4 17.5 19.0 15.6
Ay - 20.4 14.9 16.8 13.5
All A~y 9.9 7.5 8.1 7.0
A(1-P,,) 8.6 5.0 2.9 2.9
A{v/0) <28 | <20 | <20 | <22
At 0.2 0.2 0.2 0.2
Total Aoy /oy 16.8 12.1 13.0 10.5
A~y 13.8 10.3 11.9 9.4
Al2 Ay 4.9 3.7 4.1 3.5
A(1-P,,) 8.2 5.0 3.2 2.9
A(v/%) <l | <10 | <10 | <11
At 0.4 0.4 0.4 0.4
Total Aoy /oy 13.8 10.5 3.8
Ax 11.4 8.5 7.8
Al3 A~ 3.3 2.5 2.3
A(1-P,) 7.0 5.6 3.3
Al~v/vs) <03 | <0.7 <0.7
At 0.4 0.4 0.4

~ : atteneation facter =N, /N, ) in target-in-run

~q © attenuasion facter in target-out-run

(1-7

3
)
Smoj o

Table 7 (d)

: capture efficiency for non-inseracted particles
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4. Experimental result

4.1. The interaction cross sections

Figures 36 - 43 show the values of the interaction cross sections obtained in the different
runs. The data are plotted against v (=N, /Nin. ). No v (or target thickness) dependence is
observed in these figures. The closed circles in the right-hand side of a figure are the average

values for different runs.

The interaction cross sections of He,Li and Be isotopes determined in this experiment are
listed in table 8. Errors listed in the table were determined as discussed in the previous section.
For the case of ;He + Al the ;ia.ta. fluctuation among different runs is bigger than the error
which was determined in the previous section. Therefore the standard deviation of these
fluctuation was used as the final error. In all other cases, errors were comparable to or less than
the standard deviations of the fluctuation among the different runs.

The interaction cross sections are plotied in Figures 44 and 45. The mark "X” shows the

1-15

inelastic cross section data for *He + C measured by Jaros et al.'® The present data is in good

agreement with their data.

4.2. The interaction radii of nuclei
As discussed in section 2.3. we defined the interaction radius R; of nucleus as shown in Eq.

The difference of the radii between nucleus X and Y can be calculated as

(2.3}

;

RUX)-R (Y )=/7,(X,T)/7 - /o, (¥, T )/7 (4.1)

where T denotes target nuclei. The radius difference between He isotopes and *He thus obtained
is shown in Fig. 46. The radius difference is essentially independent of target nuclei (except the
value obtained from *He + Be). Figure 47 shows the difference of radii between two target

nuclei. The difference of target nuclear radii is essentially independent of the beam nuclei
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Interaction cross sections (¢;) in mb

Be target C target Al target
Beam

*He 4984 550+5 8509
He . 4854 503+5 780+13
8He 6727 72246 10638
8He 7574 81746 119729
L1 651=6 688+10 1010=11
Li 6864 7366 1071=7
8Li 7976 7689 1147414
i T39=53 7666 1135=7
By 1056.0=30.0
‘Be 7555 8069 117410

Table 8
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8He Beam
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Interaction cross sections
of Li isotopes at 790 MeV/n
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(except the value obtained from *He + Be). These results are consistent with the assumption
that the target and the projectile radii are separable within +0.02 fm as defined in equation
(2.5).

The absolute value of *He, Be, and '*C radii can be calculated by the least squares fitting ;
using the data of °Be + %Be, 'Be + *C in the this experiment, *C + '*C, *He + *He, 1*C + *He
data from Jaros et al.!®, and *C + '*C data from Lindstrom et al.}®. The results are
R; (*He)=(1.4120.03), R, (°Be)=(2.45+0.01), R, (}*C)=(2.61+0.02) in fm.

The radius of ¥Al is calculated to be R;(*Al)=(3.63+0.04) fm, from the values of ‘
o (*He,” Al) and o, (°Be,¥Al) together with R, (*He) and R;(°Be). Using the radii of *Be, 1°C,
and *7Al, the radii of the other He and Li isotopes were calculated for each target. The averages
of the radii for the He and Li isotopes obtained’ from all targets are listed in Tyz;ble 9 and plotted
in Fig. 48. The following characteristics should be noted for the radii of He af;d Li isotopes. The
radii of light nuclei determined in this experiment shows a 1.2><A 1/3 dependence. It shows a
good agreement with the behavior of the radii of stable nuclel as discussed in 2.3.1. The radius
of *He is the smallest of the He isotopes. This finding agree with result of the electron scatter-
ing experiment which conclude that the root-mean-square radius of *He was smaller than that of

117 8y : 8y ;

9Li to 'Li. The radii of %Li and °Li are

317, 19,20 : .
He. A large increase of radius was observed from
Bry .

about 0.1 fm smailer than the radii of ®He and 3He, respectively. This provide the first observa-

ticn of the difference of the nuclear racdii between isobars.

*

5



Page 83

The interaction radii (R; ) of He isotopes (fm)

*He

He

fHe

8He

1.414+0.03 -

2.18+0.02

2.482-0.03

The interaction radii (R;) of Li isotopes (fm)

°Li

’Li

llLi

2.09=0.02

2.41+0.02

3.20£0.08

Be -C <Al
i
. E .
2.45=9.01 ; 2.81=0.02 3.65=0.04
|

Table 9
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5. Discussion and conclusion

5.1. Summary of the present result

In this experiment secondary beams of *He, *He,®He 3He 5Li, "Li,3Li,°Li,'Li, and °Be were
produced at 790 MeV /nucleon through the projectile fragmentation processes. The interaction
cross sections (o ) of these nuclei on Be, C, Al targets were measured. From o, the intearaction

nuclear radii {R;) were deduced using Eq. (2.5). The following characteristic were observed as
I & 4 3

the results:

(1) Mass dependence of interaction radii

In general the nuclear interaction radii of light nuclei including f-stable nuclei are in agree-
ment with B; =1.2x A4 Y% fm.

(2) Isotope dependence of interaction radii

The interaction radius of *He is smaller than that of *He (the charge root-mean-square

radiu btzined bv t] lont mbban : hAtwe i < 11‘3,20 i th
adlus obtained by the eleciron scattering sxperiment shows the same result ), ana the

interaction radius of !Li is considerably large compared with R, =1.2%x A /% fm.

(3} Isobar dependence of interacticn radii

. -

laad] 3 . yoo a3y - - . . ~ v Lt N ~ 8t 2 8ry
Lhe ntercceicn radi of °Li and SLR are about 0.1 fm smeller than those of °He and E‘ie,

3.2. Discussion

Assuming that matter distribution of nucleus has a sharp edge, a radius
of nucleus can be determined definitely, however the nucleus has a diffused
tail. When radii of nuclei are discussed, we should make clear the definition

of radii. The definition of the interaction nuclear radius (R,) have been

I

given already. We will describe I?I more visibly in comparison with the root-
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. e ) . . .
mean-square radius (ers) obtained by electron scattering experlmentsu.

Figure 49 shows a comparison between the presently determined radii (R;) for stable iso-

[
rms

topes and the root-mean-square radii (R,%,, ) obtained from electron scattering™ . The mass

4
rms

number (A ) dependence of R; and R,%,, show a notable difference: R; increases with increasing
A whereas RS, stays almost constant for A >35. In order to understand the difference in the

A dependence, we made a Glauber model calculation for the interaction cross sections based on

- . . no . . . .
Karol's prescription procedure™. Here, the interaction cross section (o) was calculated using a

Gaussian nuclear density distributionof the form

o(r) = ——expl-L] (5.1)

where r is the distance from the center of nucleus and ¢ is the width parameter of the Gaﬁs—
sian distribution. The details of the caicuiation are described in Appendix. Calculations were
made for the collisicns of identical isotopes , e.g. ’Li-—°Li. The width parameter a was taken as
a fitsing parameter to reproduce the o;. Although we did nct measure some of o, for coilision
of identical isotopes, e.g. 07 (°Li,°Li), values were calculated from the presently decermined B;

h

S ] s 3 ! ~ e iehin 1 = . 1 R £
. (2.5). These values are considered to be accurate within 1 percent because ¢l 52

wm

using E

Kol

projectile-target separability discussed in the previous section.
fitced to reprcduce the o, are also shown in Fig. 40. Although the absolute values were gen-
erally smaller than R,%,, the A dependence of RS, was well reproduced. The obtained Gaus-
. . . . . . . e G 4 8r: 71
sian density distributions are shown in Fig. 50. The values of R; and R, for He, °Li, ‘Li,
o . . . . . 4
9Be, 1°C are also shown in Fig. 50. We note that the interaction radius R;, except for the *He

. . I 3
data, are approximately equal to the radius where the matter density is 0.04-0.05 nucleon/fm".
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Figure 49
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Figures 51 and 52 also show the Gaussian density distribution obtained by the same calculation

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

Next we discuss the isotope dependence of the interaction radius. As seen in Fig. 48, the
interaction radii of light nuclei show a rough agreement with R, =1.2x .4 /2 except *He and
11 *He is a double-closed-shell nucleus, therefore its size is extremely small. On the other
hand we found that !!Li has a very large radius compared with the dependence 1.2 X A 3. The
large radius of 'Li could be due to an expansion of neutron distribution, since !Li is believed to
be the isotope with the largest number of neutrons. In order to see the effect of neutron excess
we refer to the calculation of RMS radii for O, Na, K and Rb isotopes by M Beiner et al.*® using
the energy density formalism. Figure 53 shows the RMS radii for proton (r, ), neutron (r, ) and

_the maittfer distribut;ion; (rm)in O, Na, K, and Rb isotopes. They are plotted against the neu-
tron number (V). It is seen that the RMS radii of the neutron density distribution increases
faster than A /3. The behavior of the calculated RMS radii for O, Nz, K and Rb isotopes is

similar to that of the interaction radii of the Li isctopes cbtained in this experiment.

Very recently, H. Sato calculated the RMS radii** of He isotopes (A =4,5,8) using a

1 ¥ - ¥ - N A e . ~ . -
density-dependent Hartree-Fock {DDHF) caleulation™ with various Skyrme potential (11 - VI).
The RMS radii obtained by DDHF are plotted in Fig. 34 against the mass number, where SK
denctes the Skyrme potensial. The proton and the neutron density distributions obtained by

1

Skyrme V are described in Fig. 33. This figure shows the expansion of the neutron density dis-
tribution for neutron rich nuciei. The interaction cross sections of He isotopes (4 =4,6,8) + C
were also calculated using the Glauber theory with the density distribution obtained from the

DDHF calculation. The calculated interaction cross section and experimental o; of He + C are

plotted in Fig. 56. The interaction cross sections of ®He + '*C and 8He + !*C show agreement
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RMS radii of He isotopes
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in 5 percent level. This DDHF calculation is considered to be reliable for ®He and He. However,

it is not so reliable for *Ee and *He.

.. 6 6. .
The isobar dependence of interaction radii for He between Li and that
for 8He between 8Li are observed in this experiment. The radii of He isotopes
(A=6,8) are about 0.1 fm larger than that of Li isotopes (A=5,8),

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

26,27

in the Weizsacker-Bethe mass formula. According to this mass formula the

binding energy (B(Z,4)) of nucleus is written as

2/3 /3

B(Z,A) = a A A 0 (5.2)

- a
vol .surf

where Z the number of proton, N the number of neutron and A is the number of

2 2,1
- -7 -
asymfN Z)"/4 aCZ /A

nucleon, respectively. The coefficients in the equation show volume energy

(a ), surface energy (a ), symmetric energy (asym)’ Coulomb energy (ac)

vol surf

and pairing energy (§), respectively. In comparisonrsHe with 6Li, the volume
energy and surface energy terms are canceled because both nuclei have the same
A number. Since the symmetric energy term causes wezkness of the binding
energy of 6He, the radius of 6He is greater than that of 6Li. The Coulomb and
pairing energy terms cause the cpposite effect, however these are sm

. 8
the effect due tc the symmetric energy term. In the case o

ller than {

1,

1]
w
3
&9
P
-
=
M

H

. L. . s T
the radii of Li and Be.

[a ]

1 crder to confirz this discussion we ccmpars
The symmetric and pairing energy terms of 7Li and 7Be are the same value and
the difference of the Coulomb energy term is negligibie. Because of this
reason the radii of 7Li and TBe should be the same value. Very recently we
obtained the radius of 7Be in this experiment. The result supported the

discussion above. (The radius of 7Be will be reported in a next paper.)
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In this way we explained isobar dependence generally, however, further
theoretical work is needed to understand the behaviour of interaction nuclear

radii.
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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 He,Li and °Be isotopes at 790 MeV /nucleon on Be, C, Al targets were meas-
ured by a transmission type experiment. We have shown that the interaction cross sections
yield interaction radii which are related to the matter distributions of nuclei. The interaction
radii defined 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 of the target
nuclei, shows that this quantity is characteristic of a nu‘cleus. The measured interaction radii
show good agreement with the RMS radii obtained from electron scattering experiments. The

present experiment is the first to measure the size of the F-unstable nuclei systematically in the

light-mass region.

Although changes in the interaction radii of He and Li isotopes are qualitatively under-

by

h]

stood, further work is required to obtaine knowledge abcut unstable nuclel. The large deviation
D f=4

of the MLi radius from the A /% dependence seems challenging for better understanding. Soon

“

more data up to A =17 will be analyzed and the dependence of the interaction radii on isobars,

isotcpes and isotcnes in a wide range will be revealed.

%)

The presently developed technique to handle radioactive ear beams opens up a wide

possibility of studies in the properties of F-unstable nuclel. Studies in this new field will bring
further insight into many aspects of nuclei and also offer a area where the nuclear many-body

theory can be tested.
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Figure captions

Fig 1 : A schematic diagram of the projectile fragmentation process.
Fig 2 : A schematic diagram of the rigidity selection.

Fig 3 : An example of the distributions of projectile fragments at F2.
Fig 4 : An example of a charge separation.

Fig 5 : The secondary beam line at Bevalac (Beam 42).

Fig 6 : A schematic diagram for energy loss in the production target.
Fig 7 : Momentum dispersion vs. Thickness of the production target.
Fig 8-13 : The pulse heights vs. TOF for He and Li isotopes.

Fig 14 : The interaction radii of stable nuclei obtained from other experiments*>¢,

Fig 15 : The dependence of the statistical errors of the interaction cross section on the attenua-
tion factor ~.

Fig 16 : The perspective view of the experimental setup.

Fig 17 : The plan view of the experimental setup.

Fig 18 : The pulse height dissribution of a scintillation counter.
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Fig 19 : The time resolution between SBT1.2 and SBT3, 4.
. —

Fig 20 : The bending angle resclution
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Fig 21 @ Trae circuit diagram of the irigzer svstem

1

Fig 22 : A block diagram for the data taking system.

Fig 23 : The pulse height distribution after the reaction target.

Fig 24,25 : The rigidity separations for He and Li isotopes after the reaction target.
Fig 26,27 : Beam profiles at the PAT3,4 for target-out run and for target-in run.

Fig 28-35 : The scattering-out probability (P,,) as a function of the target thickness.

Fig 36-43 : The interaction cross section for He and Li isotopes obtained in each run.



Fig 44-45 : The results of the interaction cross sections of He and Li isotopes.

Fig 46 : The difference of R; for projectile vs. mass number A .

Fig 47 : The difference of R; for target nuclei.

Fig 48 : The interaction radii of He and Li isotopes.

Fig 49 : R; is the interaction radii obtained from the present experiment, .5, is the charge
rms radius obtained from the electron scattering experiment and R %, is the calculated charge
rms value of the Gaussian density distribution by which the R, is reproduced.

Fig 50 : The Gaussian density distribution of He - C obtained by semi-classical optical model.
Fig 51 : The Gaussian density distribution for He isotopes

Fig 52 : The Gaussian density distribution for Li isotopes

Fig 53 : The rms radii of O, Na, K and Rb isotopes against the neutron number (V).

Fig 54 : The rms radii of He isotopes.

Fig 55 : The proton and the neutron density distributions for He isotopes.
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Appendix

The calculation methods of the interaction cross section, based on the semi-classical optical
model®®, are described in appendix.

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

section can be written as
wr
o = ‘27:'];) 1-T (r)|rdr A1 {

where T (r) is the probability that the projectile will pass through the target with an impact
parameter r without interaction. The definition of the coordinate for calculating the tran-
sparancy function T (r) are shown in Fig. Al. A cylindrical coordinate system is defined, the

origin O as the center of the target nucleus, the z axis as the beam direction and r as the

impact parameter. The transparancy function T (r ) is given by

T(r)=exp E:—L:O (r,z )d:] (A.2)

v

where @ (r,z) is called the ”"thickness function” by Glauber, and gives the probability of

. : . \ . a4 N .
interaction per unit path length between z and z —d> at fixed {r .z ). Thisis given o3

. )

Die wige — Fm 5 } (v =~ . (A.5)

Oir .z dz —u-;J—wT]“'_ﬁ’QT(?',.. o ,7lpp (7 .z.0 nyhdbdz (AS)

> a \ I - - . 1 ~ ArATE T o~ < 4
wners ¥ 1s the average pucizon-nucleon coliision cross section. which is given by
.
_ ZT ZP I‘VT [\"F .’ ZT ‘\/P ZD '\/T
T = + ; + + T (A.4)

where A7 ,Z; are the mass and the atomic numbers of the target nucleus, A ¥ Zp are the mass
and the atomic numbers of the projectile nucleus, and o; is the proton-proton (neutron-

neutron) total cross section, o;; is the proton-neutron total cross section, and pr,pp are the



density distribution of the target and projectile nucleus, respectively. We calculated the

interaction cross sections using the Gaussian-type density distributions.

)

] (A.5)

A .
p(r) = —5zexp!

r
a-“m a

where the factor a is the width parameter of the Gaussian distribution and is related to the

root-mean-square radius R,‘,i,s as
G __ = /
R, = V1.5a (A.6)
. . . . o .
As the results, the interaction cross section in fm* are given by

or = ﬂ‘(aT2+aP2)[E 1(X)+IH(X)+05772]

Ei() = [, ——du | (A7)

w*apr (0)pp (0)ar ap’
a;r?'dp.:

where ar ,ap are the width parameters, in

jectile nuclei.
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