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A liquid hydrogen target was used to study the nuclear fragmentation of beams of relativistic
heavy ions, Ne to Ni, over an energy range 400 to 900 MeV/nucleon. The experiments were

carried out at the Lawrence Berkeley Laboratory Bevalac HISS facility, using the charge-velocity-
rigidity method to identify the charged fragments. Here we describe the general concept of the
experiment and present total charge-changing cross sections obtained from 17 separate runs. These
new measured cross sections display an energy dependence which follows semiempirical model pre-
dictions. The mass dependence of the cross sections behaves as predicted by optical models, but
within the experimental energy range, the optical model parameters display a clear energy depen-
dence. The isospin of the projectile nuclei also appears to be an important factor in the interaction
process.

PACS number(s): 25.75.+r, 24.10.Ht

I. INTRODUCTION

One of the keys to addressing the question of the origin
of galactic cosmic rays (GCR) is to determine the com-
position of the matter at the sources of these particles.
This composition, both elemental and isotopic, reBects
the nucleosynthesis and/or selection processes that influ-

ence the composition of the cosmic rays. The GCR source
composition is significantly altered by the efFects of frag-
mentation associated with cosmic-ray transport through
the interstellar medium. Hence, understanding this prop-
agation process is necessary before these effects can be
unfolded from the observed abundances and conclusions
drawn about the GCR source composition. Cosmic-ray
transport is partially an applied nuclear physics prob-
lem which involves a knowledge of the detailed nuclear
cross sections as a function of energy for all of the species
of interest. Measuring all the needed cross sections is a
monumental task which may never be completed. At the
very least, the key reaction cross sections must be mea-
sured and used to develop techniques to accurately pre-
dict the unmeasured cross sections. Several predictive
formulas for proton-nucleus (p-A) and nucleus-nucleus
(A-A) interactions have been developed by various au-
thors [1—6], but, the discrepancies between these predic-

tions and measurements can range from 50% at lighter
nuclei to more than a factor of 3 for ultraheavy nuclei.
Yet, for many cosmic-ray questions, accuracies of & 10%
are required to match the precision with which the abun-
dances are measured.

Many of the cross sections used to develop the predic-
tive formulas were obtained by irradiating various targets
with high-energy proton beams and then studying the
targets for the production of specific isotopes by using
radioactive decay counting [2,7,8]. Consequently, cross
sections for the production of radioactive fragments such
as Be, Be, Na, Al, and unstable isotopes of Sc to
Ni account for much of the early data. Only recently have
production cross sections &om energetic beams of heavy
ions been added to the overall cross-section database
[9—12]. These measurements are significant for several
reasons. First, one can choose the specific projectile iso-
topes that are particularly relevant to some aspects of
cosmic-ray propagation. Second, the &agments produced
are observed directly and include the stable as well as
the unstable isotopes. Third, the heavy-ion fragmenta-
tion process closely mimics what happens in interstellar
space. But even with these heavy-ion beam measure-
ments, there remain significant areas, both in projectile
species and energy, where few cross sections are avail-
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able, and further cross-section measurements are needed
to address specific problems [8].

Part of the effort related to cross-section predictions
have been devoted to a study of the concept of limiting
fragmentation, which predicts that above a certain en-
ergy the cross sections become independent of energy.
For light projectiles such as 0 or C, it has been
suggested that limiting fragmentation begins at various
energies, from several GeV/nucleon to as low as 100
MeV/nucleon [13]. The onset energy of limiting frag-
mentation is important since it determines the "divid-
ing line" between fragmentation modes characterized by
collective effects [14] and fragmentation dominated by
single-nucleon interactions [15]. However, the results
&om a number of experiments have shown that deter-
mining the onset energy is not as simple as might be
expected [16—20]. For example, the widely used Bradt-
Peters optical model for the total inelastic cross section
[21] [see Eq. (11)],which relates the cross section to the
projectile and target masses, has no energy dependence,
but when it is combined with a soft nucleus model [22],
and energy-dependent (p-p) and (p-n) cross sections, it
can be used to predict the total inelastic cross section as
a function of energy [2]. Therefore, the study of total
cross sections has its own significance within the overall
picture of nuclear interaction systematics (see Sec. III C).

The Transport Collaboration, consisting of researchers
from eight institutions in France, Italy and the USA, was
established to make new measurements of heavy-ion frag-
mentation relevant to cosmic-ray physics [23]. This col-
laboration has three major goals: (1) to provide mea-
surements of critical fragmentation cross sections and to
study the cross section systematics, (2) to improve the
theoretical development of galactic cosmic-ray propaga-
tion, and (3) to apply the theoretical and experimental
effort to improving the interpretation of cosmic-ray data.
We have successfully conducted two major experimental
runs, one in April, 1990, and another in April, 1991, us-

ing the Lawrence Berkeley Laboratory HISS facility [24]
to collect data on 19 projectiles ranging in mass from
He to Ni and in energy from 400 to 900 MeV/nucleon.

These projectiles interacted in a liquid-hydrogen target.
Table I lists species and projectile energies, both as de-
livered by the accelerator ("accelerator energy") and at
the center of the liquid-hydrogen target ("energy at tar-
get"). Throughout this paper we will refer to a "beam"
by its "accelerator energy" and projectile species (e.g.,
400 MeV/nucleon s2S), while results are plotted with re-
spect to the "energy at target. " Once the analysis of
the beams listed in Table I is completed we would ex-
pect that over 600 new partial cross section values will
be available to be incorporated into studies of nuclear
interaction systematics.

Due to the sheer volume of the raw data and to the
complexity of heavy-ion fragmentation information that
can be revealed by the current data set, we will report
the results of this program in a series of publications.
This paper, the first in the series, concentrates on the
general concept of the experiment, including portions of
the detector setup, and reports the results of total charge-
changing interaction cross sections for all of the beams

TABLE I. Projectile species and energies.

Beam
He
He

e
e

Ne

Mg
Mg

32S
32S
32S

Ar
"Ar
"Ar
4'Ar
40C
40C

Ca
52C

Accelerator energy
(MeV/nucleon)

400
800
400
600
910
400
600
400
600
800
400
600
800
393
400
600
800
400
400

Energy at target
(MeV/nucleon)

392.5+0.5
794.5+0.3

377+2
581+1
894+1
371+2
576+2
365+2
571+2
770+2
361+3
546+2
765+2
352+3
357+3
565+3
763+2
343+4
338+5

except 4He. These results are compared with previous
measurements, as well as with various total cross-section
prediction formulas, and interpreted in terms of the mass
and energy dependencies.

II. EXPERIMENTAL TECHNIQUE

The experimental apparatus is designed to identify
fragment isotopic mass (A) using the charge-velocity-
rigidity technique and the formula

RZA=
ppm~c& '

where 8 is the fragment rigidity, Z is the charge of the
projectile, P is the reduced velocity, p is the Lorentz
factor, and mN is the nucleon mass. The entire exper-
imental configuration is designed to provide mass and
charge identification and a more detailed description of
the instruments and detectors used in the experiment to
determine B, Z, and P can be found elsewhere [25,26].
Below we give a brief account of the overall setup and
describe the subsystem involved in obtaining the total
charge-changing cross sections.

There are six primary subsystems included in the
experiment: beam detection system (BDS), liquid-
hydrogen target (TGT), HISS (heavy-ion spectrome-
ter system) magnet, drift chamber (DC), time-of-Right
(TOF) wall, and neutron detector (MUFFINS). Figure 1
shows the full experimental setup at the LBL HISS facil-
ity for the April, 1991run which is essentially identical to
that used during April, 1990. The accelerated beam en-
ters the apparatus on the figure from the left and passes
through the beam detection system, used to monitor in-
coming beam particles and to provide the experimental
trigger, and the liquid-hydrogen target, in which the in-
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FIG. 1. Experimental setup at the LBL Bevalac HISS fa-

cility for April, 1991 run.

teraction between the projectile and proton takes place.
%ithin the beam detection system the upstream incom-

ing beam vector is determined by two position-sensing
detectors (PSD) and the fragment charge is measured im-

mediately after the interaction by two post target charge-

sensing detectors (SSD and BV). The HISS supercon-

ducting dipole magnet separates the nuclear &agments

and, combined with the upstream beam vector along with

the downstream drift chamber fragment trajectory, pro-

vides the particle rigidity measurement. Particle velocity

is derived &om the time of Hight over a total path length

of 12 m between the upstream start trigger scintillators

(Sl and S2) and the TOF wall. The TOF wall also pro-

vides another measure of the &agment charge. Finally,
the neutron detector, MUFFINS [27], is aligned with the

upstream beam path to study undefIected neutrons and

provides information on the nuclear interaction process.
The apparatus upstream of the HISS magnet, as de-

tailed in Fig. 2, de6nes the incoming beam, and deter-
mines the fragment charge. These are the essential mea-

surements needed for obtaining the total charge-changing
cross sections. The BDS consisted of two PSD's, two

small plastic scintillation counters (Sl and S2), three

large plastic veto scintillation paddies having holes at
their centers (Vl,V2,V4), a lithium-drifted silicon solid-

state detector (SSD), a third small scintillation paddle

(BV) and a fiber scintillator hodoscope (FISH). An in-

dividually adjustable four-scintillator anticoincidence de-

vice, UDEW (up-down-east-west), was used to select only

the center portion of the beam. The readout consisted
of ADC's on all detectors, TDC's on Sl, S2, BV, and

FISH as well as single and coincident scalers. For the
April, 1990 con6guration, the setup was identical with

the exception that V4 was not installed. These detectors
were used to establish the trigger, determining whether
the event consisted of a single monoenergetic beam par-
ticle within a well-defined space geometry and time win-

dow. During the data analysis, the monitoring ADC's
and TDC's were statistically analyzed to yield averages
and their variances. These statistical parameters, along
with proper scalar ranges, were used to set up a beam
definition cut (BDC). Accepted events were within the
scalar range and deviated &om the average ADC, TDC
values by less than +2.75 times the standard deviations.
The purpose of this cut is to remove events that have

extreme deviations &om the main physical phase space,
therefore eliminating unwanted possible beam contami-
nation, various common-mode noise, and detector and
electronics irregularities. Since the BDC only involves

detectors that were located in front of the target, it is a
nonbiased (independent of fragment species) cut.

A key component in the experiment is the cryo-

genic liquid-hydrogen target specially designed and con-
structed for this experiment by the Saclay group. VVhile

such a target can be dificult to operate and calibrate,
it allows the experiment to avoid the CH2-C subtraction
method for obtaining hydrogen target cross sections that
has customarily been used. The liquid-hydrogen target
(TGT) provides a direct measurement of hydrogen inter-
actions and reduces the amount of beam time required
to obtain the same statistical uncertainty. All but the

He beam data were collected with a thin target vessel

that had a depth of 0.23—0.25 g/cm2 of liquid hydrogen
to reduce multiple interactions and scattering in the tar-

get and to allow the "thin target approximation" to be
used in the data analysis. The total interaction rate is

5% between beam projectiles and hydrogen, therefore
the total secondary interaction rate is 0.052/2 0.1%,
including the effective target thickness reduction. The
most important parameter associated with the target is

the actual thickness (in g/cm2) of liquid hydrogen tra-
versed by the beam particles and these values along with

the liquid-hydrogen density for each individual projectile
species and energy are listed in Table II. In addition
to the liquid-hydrogen target, there was an exact mass

equivalent dummy target which was used to determine
the target out yield for the background subtraction.

The charge of fragments produced in the target are
measured by the SSD and BV detectors just after the
fragment leaves the target and before it has a chance to
interact in any of the downstream detectors or air gaps.

Beam
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FIG. 2. Diagram of the beam detection
and the target subsystems.
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TABLE II. LH2 density and target thickness for all beams.

Beam
He

4He

Ne
22N

22N

Mg
"Mg
32$
32S
32S

Ar
"Ar
36A

4'Ar
Ca

4OC

40C
52C
58N.

Energy (MeV/nucleon)
392.5+0.5
794.5+0.3

377+2
581+1
894+1
3?1+2
576+2
365+2
571+2
770+2
361+3
546+2
765+2
352+3
357+3
565+3
763+2
343+4
338+5

~ (kg/m')
70.08+0.25
70.91+0.25
70.18+0.25
70.32+0.25
70.25+0.25
70.23+0.25
70.18+0.25
72.40+0.25
72.50+0.36
70.15+0.25
70.63+2.30
70.04+0.25
70.18+0.25
69.87+0.25
72.15+0.25
72.00+0.25
70.07+0.25
70.05+0.25
70.03+0.25

I' (g/cm )
0.8809+0.0059
0.8885+0.0058
0.2401+0.0040
0.2415+0.0040
0.2388+0.0044
0.2285+0.0071
0.2359+0.0053
0.2553+0.0035
0.2511+0.0054
0.2406+0.0042
0.2469+0.0088
0.2388+0.0049
0.2284+0.0068
0.2346+0.0057
0.2531+0.0038
0.2539+0.0038
0.2398+0.0042
0.2384+0.0052
0.2402+0.0042

As an example, Fig. 3 shows the scatter plot of the raw
SSD signal versus the BV signal for the 800 MeV/nucleon

S beam. Dominating the plot is the strongly saturated
sulfur beam spot, but there are also well-defined spots for
fragments ranging &om phosphorus to neon. Also seen
in the plot are some background events, mostly due to
interactions in the detectors and "pileup" effects, which
must be identified and properly treated. After the back-
ground is corrected or removed [26], both the SSD and
the BV signals are histogramed and Gaussian fits are
performed to determine the charge peaks. Since the par-
ticles are close to minimum ionizing, the means of the
Gaussian fits form a linear relationship with Z and can
be fitted with the least-squares method to provide the
SSD charge calibration parameters. Due to saturation
effects [28—30], the response of the BV plastic scintilla-
tor deviates significantly Rom a Z dependence and was
found to closely follow a linear relationship with Z, &om
beam charge (Z~) down to Z~/2 [26). Therefore, the BV
charge peaks are fit with a linear Z dependence to ob-
tain the BV charge calibration. The final upstream post-

10'-

10
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' ~

2 4 6 8 101214161820
Fragment Charge

FIG. 4. Unnormalized charge histograms for S at 800
MeV/nucleon with the liquid-hydrogen target (solid curve)
and mass dummy target (dashed curve).

target charge is a weighted combination of those Rom the
SSD and the BV, with optimized weights of 3 to 1 in fa-
vor of the higher-resolution SSD detector, determined by
minimizing the final charge uncertainties. Figure 4 shows
the final unnormalized charge histogram (on a logarith-
mic scale) for both the target-in (solid curve) and the
target-out (dashed curve) runs.

III. TOTAL CHARGE-CHANGING CROSS
SECTIONS

A. Cross-section calculation

The total charge-changing cross section is defined here
as the cross section for removing at least one charge from
the beam projectile and neglects the small but finite cross
sections for charge pickup [31]. Due to a finite time of
Sight (2—3 ns) between the target and SSD/BV, any frag-
ments with a few nanoseconds or shorter lifetime would
decay before being detected by post-target detectors. In-
stead, the decay products of such short-lived &agments
were identified and, thus, considered as "direct" fragmen-
tation products. The population of surviving particles
that have the beam charge (Nb, ) can be written in the
thin target case as (see Appendix for detail)

2000
—«Z t+beam —~ ~ total (2)

A+ 1500—

"1OOO-

A

500--

00 200 400 600 800 1000
Beam Veto ADC

and the population of particles that have undergone a
charge-changing interaction (Kf, g

——Nt t i —Nb, ) is

+frag +total(& —e ~' '), (3)

where Nt t i is the total number of valid incoming beam
projectiles, o~z is the total charge-changing cross sec-
tion, and t is the effective "thickness" in mb of the to-
tal amount of material traversed. In fact, the measured
Nf, g is afFected by a background contribution that can
be represented by a cross section (0~) and an efFective
thickness (t~):

FIG. 3. SSD ADC vs BV ADC for S at 800 MeV/nucleon
with liquid-hydrogen target. NLH2 NLH2 I'y &

—o~z-t —aa-ta 5
frag tota J L. J)
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where superscript LH2 denotes that data were taken with
the liquid-hydrogen target. The background contribution
is determined with runs using the mass dummy target.
For these "target-out" (TO) runs the measured Nt, g is where

NTQ NTO (1 cr~—t~.
) (5)

Combining Eqs. (4) and (5), the final cross section can
be calculated:

f gNLH2](NLH2 NLH2) )

+

frag & total
(6) and

and

( 1 —
Nfrag lNtot~i

(1O)

x 10 (mb ),
AH

where AH ——1.00794 is the atomic weight of hydrogen,
N~ ——6.022 x 10 is the Avogardro number, and L is the
effective liquid-hydrogen target thickness in g/cm2 (see
Table II).

The surviving beam that has not undergone charge-
changing interactions in the liquid-hydrogen target,
Nb, , is determined by fitting the beam charge peak
in Fig. 4 with a Gaussian distribution. The total num-
ber of valid beams, Nt & l, is determined by applying the
beam definition cuts (see Sec. II) and summing the event
scalers recorded for each proper trigger. From Nt t l and
Nb, , the &agment yield can be determined and Ta-

the di8'erent runs. These numbers can then be used with
Eq. (6) to obtain the total charge-changing cross sections
and the results are listed along with the associated un-
certainties in Table IV.

The cross-section uncertainty is determined by the sta-
tistical and systematic errors in Nf, g and is calculated
using

Nt t l is a defined quantity because of the beam defini-
tion cut, which removes any ambiguities such as beam
contamination as well as detector and electronics irregu-
larities. Consequently, it does not contribute to the final
cross-section uncertainty. Nf, and Nf, have both sta-
tistical and systematic uncertainties. The statistical un-
certainty of the total charge-changing measurement, fol-
lowing the binominal distribution, is QNt, t ~ p (1 —p),
where p is the probability of a beam particle undergoing
a charge-changing interaction. In our case, p && 1 and
QNt t ~ p (1 —p) = QNr, g. Therefore, Poisson sta-
tistical uncertainties are applicable. The systematic un-
certainty comes from the finite charge resolution between
the Z~ and ZB —1 populations, as shown in Fig. 5, where
hatched areas are the overlaps between two charge peaks
(note the logarithmic scale). Because of the thin target
used, the number of Z~ —1 &agment itself is a small
percentage of Z~, and consequently the systematic un-

certainty due to overlap is also small. Overall, the final
uncertainties of the total charge-changing cross section
measurements are about 3—6'%%up.

TABLE III. Measured beam and fragment numbers.

Beam
22N

22N

22N

Mg
M K

32S
32S
32S

Ar
Ar
Ar

"Ar
40C
40C
40C
52C
SSN-

Energy
(MeV/nucleon)

377+2
581+1
894+1
371+2
576+2
365+2
571+2
770+2
361+3
546+2
765+2
352+3
357+3
565+3
763+2
343+4
338+5

gr LH2
~ ~ total

202 644
235 567
203 620
232 392
205 125
113147
171586
109078
181 173
266 426
201 933
206 254
124 206
163904
207094
197956
79 517

LH2
+frag

13607+194
17697+216
16 035+211
16 887+232
19349+246
15 344+219
19 173+229
12?58+213
25 130+245
32 513+304
25 561+273
21 999+280
19999+291
21 431+273
29 208+331
29 593+465
13820+309

~rTO"total
93 076
91 653
104 493
95 321
108 618
131486
124 102
67 158
24 449
113121
89 046
180 353
10?074
127 882
112766
120 627
52 069

TO
+frag

2 901+96
2 789+89

3 598+113
3 388+97

5 136+119
10 516+182
5 816+141
3 494+105
1 866+?9

?024+160
5 424+141
8 838+183
10 062+225
6 735+179
7 145+159
10 044+281
4 810+150
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Beam

e
e
e

Mg
Mg

32S
32S
32S

"Ar
Ar

"Ar
4'Ar
40C
40C
40C
52C

Ni

Energy
(MeV/nucleon)

377+2
581+1
894+1
371+2
576+2
365+2
571+2
770+2
361+3
546+2
765+2
352+3
357+3
565+3
763+2
343+4
338+5

ariz (mb)

264
327
329
288
359
409
470
494
474
463
531
446
508
567
604
526
655

bo'az (mb)

10
9
11
13
13
16
14
18
27
15
21
16
22
16
18
27
38

TABLE IV. Total charge-changing cross sections.

350

6
300

t'
250

-
22N

300-

Mg

The original Karol model is a modi6ed semiclassical op-
tical model that replaces the Bradt and Peters [21] hard-
sphere nucleus with a soft sphere, using a realistic nuclear
density distribution within the nucleus.

Comparison between our data and earlier measure-
ments of the same projectiles over comparable energy
ranges shows generally good agreement. Our 600 and
800 MeV/nucleon S measurements are slightly above
those from Webber et al. [10) at comparable energies,
but still within experimental uncertainties. In the Ar

B. Energy dependence

The total charge-changing cross sections &om this
work are plotted in Fig. 6 as a function of energy as
solid symbols. Also shown are measurements from other
experiments [10,32—34] (open symbols) and predictions
f'rom the semiempirical relations of Letaw et al. [1] (dot-
ted line) and Garcia-Munoz et al. [2] (solid line). Both
formulations predict total mass-changing cross sections
and, to compare with the experimental data on charge-
changing cross sections, the neutron-stripping cross sec-
tions calculated by Silberberg and Tsao [3] have been
subtracted &om the predictions. The Letaw et al. rela-
tion is an empirical fit to the total reaction cross sections
for a proton beam on helium and heavier target nuclei,
while the Garcia-Munoz et al. formula uses the energy
dependence proposed by Karol [22], combined with a fit
to a compilation of (p-p) and (p-n) total cross sections.

32S

500-

o~ 400 +

40A

6oo
E

500

750

52c

650
E

650

550

450

350

- "Ca

850

- "Ni

750-

550
II

6so ~&t

10

10

10

10
14 15 16

Fragment Charge

C

17

FIG. 5. Charge histogram for S at 800 MeV/nucleon with
the liquid-hydrogen target with only three leading charges
Gaussian Sts are shown as solid curves. Hatched areas are
overlapped populations from adjacent charges.

450» a ~ a aaal a ~ 550 a ~ a a ~ a a ~ I a a

102 10 10 10

Incident Energy (MeV/nucleon) Incident Energy (MeV/nucleon)

FIG. 6. Total charge-changing cross sections plotted as
functions of incident beam energy. Data from this experiment
are shown as solid circles. Open circles in Ne are Webber
el al. Ne data [10]. Open circles in Mg are Webber et al.

Mg data [10]. Open circles in S are Webber et al. S
data [10]. Open circles in both Ar and Ar are Webber et
al. Ar data [10] and open triangle is Lindstrom et al. data
[32]. Solid triangle in both Ar and Ca plots is Ar from
this experiment. Open circle in Ca is Webber et al. Ca
data [10] and open triangle is Anderson et al. proton beam
data [34]. Open circles in Ni are Webber et al. data [10,33].
Dotted lines are Letaw et al. [1) predictions. Solid lines are
Garcia-Munoz et aL [2) predictions.
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plot we include other measurements from Webber et al.
[10] (open circle), and Lindstrom et al. [32] (open trian-
gle) and apart from one intermediate-energy point there
is good agreement.

Compared with predictions, the overall conclusion is
that both semiempirical formulas provide an adequate
but not excellent fit to the measured cross sections. We
notice in some instances that the Garcia-Munoz et at.
relation predicts the trend in the data better, showing a
stronger "dip" at intermediate energies. For example, the

Ne and Mg plots show evidence for a strong energy
dependence at low energies. In the Ne plot, the open
circles are Webber et at. measurements of Ne [10], and
the two sets trace each other very closely. Similar features
also occur in the other neutron-rich species, Mg, where
the open circles are Webber et at. [10] measurements of

Mg. The heavier neutron-rich species, Cr, is slightly
below the predictions, while Ni, which has only two
excess neutrons, is in agreement with the predictions at
our energy. The Webber et at. measurements for Ni
(open circles) [10,33] are also close to the predictions.

The neutron-rich isotopes seem to follow their neutron-
balanced counterparts of the same charge, but fall below
the beams that have the same number of total nucleons,
indicating that mass number is probably not the only
parameter of importance. This is illustrated in both the

Ar and the Ca plots which include the cross section of
Ar from this experiment (solid triangle). One notices

here that there is little difference between Ar and Ar.
However, the total cross section of Ar is considerably
smaller than Ca, even though Ar and Ca have the
same mass. To confirm such an effect is indeed caused by
nuclear composition, more studies are needed on similar
systems.

Also included in the Ca plot is a 700 MeV proton
total reaction cross-section measurement (open triangle)
on a oCa target [34], with the neutron-stripping cross
section subtracted. Even though this is a "reversed" pro-
cess, compared to heavy-ion projectile fragmentation in
hydrogen, the measured proton cross section fits well with
our data, but is significantly different from the previous
measurement [10] at 600 MeV/nucleon.

C. Mass dependence

The dependence of the total charge-changing cross sec-
tions on the projectile mass can be demonstrated through
the Bradt-Peters [21] form of parametrization of a hard
sphere with a finite overlap:

cr(An, AT) = 7rro(A~~ + A~ —b)

for hadron-nucleus (6-A) interactions:

tr(A) = 7rro A'~
(2ro) Ai~s

2

where A is the absorption mean free path. This model
was based upon high-energy p, p, 7t, and K data.
At lower energy, the nuclear opacity, or "black nucleus"
model, originally developed by Bethe [36], has been mod-
ified [37,38] to include a Coulomb repulsion term and a
nuclear transparency term. However, in our particular
beam and energy range these terms are quite negligible,
making this approach equivalent to that of Hoang et at.
Thus, the discussion on mass dependence of our data will
be based upon the Hoang et a/. model.

Figure 7 plots o~z as a function of (Ab, ) ~, for
three energy groups: 400 MeV/nucleon [Fig. 7(a)],

600 MeV/nucleon [Fig. 7(b)], and 800—900 MeV/
nucleon [Fig. 7(c)]. Here we also include measure-
ments from other experiments with comparable energies
[10,32—34,39—41]. The fit to Eq. (12) with fixed ro ——1.35
fm [17] is shown as the solid curve in Fig. 7. These values
for A are listed in Table V, along with the Hoang et al.
value kom high-energy proton beam data, and are plot-
ted in Fig. 8(a). We also fit the data to Eq. (10) with
AT = 0.089 (dashed curves in Fig. 7), to compare with
the Westfall et a/. 1.88 GeV/nucleon ssFe data. The
derived overlap parameter 6 is listed in Table VI and
plotted in Fig. 8(b). Inspection of Fig. 7 suggests that
Eq. (11) provides a slightly better representation of the
data than does Eq. (12). However, neither is capable of
getting a good fit to all the data, suggesting that a single-
parameter representation is probably inadequate. Never-
theless, these models are very simple yet effective meth-
ods to organize the data over a large range of mass and
energy. The dotted curves are the total mass-changing
cross sections from Karol's model [22], scaled by a fac-
tor of 0.85. This model has a better trend prediction on
ultraheavy species than the single-parameter models.

For the most part, the total cross sections follow the
A / mass dependence. The fitted absorption mean free
path A of Eq. (12) [Fig. 8(a)] displays a clear energy de-
pendence within the energy range covered by this ex-
periment. Our A values are over twice that obtained
from proton data at 20 GeV [35], suggesting that the
energy dependence continues to higher energy. The over-
lap parameter b from Eq. (11) [Fig. 8(b)] also shows an
energy dependence in our energy range, and our highest-
energy value is consistent with the result obtained at 1.8
GeV/nucleon [17]. One note of caution is that the fitting
results are, in essence, average values across all the pro-

For proton-nucleus (p-A) collisions, the Bradt-Peters for-
mula is not directly applicable since the so-called overlap
parameter b as well as the scaled nucleus radius, roA&

X/3

cannot be directly applied to hydrogen. Diferent in-
terpretations have been made so that Eq. (11) can be
used. For example, Westfall et al. [17] arbitrarily chose
AT ——0.089 for hydrogen to fit their data. To address
this problem, Hoang et al. [35] proposed a modified form

Energy (MeV/nucleon)
403+65
597+81
945+221
20 000

A {fm)
3.12+0.03
2.82+0.03
2.71+0.03
1.29+0.01

Hoang et aL value [35].

TABLE V. Fitted parameter A for Hoang et al. model.
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FIG. 7. Mass dependence of total charge-changing cross sections: (a) 400 MeV/nucleon; (b) 600 MeV/nucleon; (c)
800—900 MeV/nucleon. Solid lines are the fitted Hoang et aL model [Eq. (12)]. Dashed lines are the fitting of Eq. (11). Dotted
lines are the calculated total mass-changing cross sections from Karol s model [22], scaled by a factor of 0.85. Solid circles are
from this experiment. Open circles are various Webber et aL data [10,33]. Open square is Crawford et aL Si data [39]. Open
triangles are Nilsen et aL Kr and Ag data [40]. Solid triangles is Greiner et al. U data [41]. Some of the data points
with identical mass have been shifted slightly to clarify the plot.

jectiles, with no consideration of the nuclear structure.
The result of this model comparison is the veri6cation of
the energy dependence in the total charge-changing cross
sections discussed in connection with Fig. 6.

The results in Figs. 6 and 7 show a tendency for the
neutron-rich species to have smaller cross sections with
respect to the predictions. This implies that charge-
changing total cross sections depend not only on total
mass, but also on the neutron-to-proton ratio or isospin
of the projectile nuclei. This effect is investigated in
Fig. 9 where the cross section per nucleon, on, zyi/AI
is plotted as a function of the neutron-to-proton (n/p)
ratio for the same three energy bins as in Fig. 7. Here
we include data from still heavier projectiles [10,32—34]
to extend the n/p ratio. There is a general trend for
the per nucleon total charge-changing cross section to
decrease as the n/p ratio increases from 1, most notable
in the 400 MeV/nucleon data [Fig. 9(a)]. In all cases
there is a transition at n/p 1.3 corresponding to nuclei
with A ) 80. Part of this trend is caused by the mere
existence of excess neutrons, which do not contribute to
the total charge-changing interactions. However, scaling
the data by a factor of A/2Z (which removes the excess
neutrons share of the per nucleon on, z&i) does not signif-
icantly change the overall trend. The interesting observa-
tion here is that adding more neutrons seems to decrease
the total charge-changing interaction cross sections. It is
likely that neutron-rich nuclei may have larger neutron-
stripping cross sections, since the excess neutrons can be
removed more easily during the collision. Experimental

3.2
(a)

28

2.6
10

I I I I I I I II

10

0.9
E

0.8

I I I I I I I I

(b) +

+ A ()

investigations [42—44] of iiLi, a very neutron-rich species,
indicate that there is a tail in the distribution of nuclear
matter, forming a halolike structure around the nucleus.
Also, a strong isospin dependence of lighter (Be-B) nu-

clear radii has been observed [45], indicating again that
the neutron-to-proton ratio plays an important role in
the nuclear structure and the interaction cross sections.
However, it is not clear why, &om a simple shell-model
approach, the charge-changing total cross sections should
be reduced. It is possible that there are residual contri-
butions to this effect &om the combination of the general

Energy (MeV/nucleon)
403+65
597+81
945+221

1880

II (fm)
0.97+0.01
0.84+0.01
0.82+0.01
0.83+0.12

Westfall et aL Fe at 1.88 GeV/nucleon [17].

TABLE VI. Fitted parameter b for optical model.
0.7 I I I I I I I Ii I I

10 10
Incident Energy (MeU/nucleon)

FIG. 8. (a) Fitted absorption mean free path A vs incident
beam energy. (b) Fitted values of the overlap parameter b vs
incident beam energy. The bars along the energy axis are the
total energy span of all the data used in the fit. Open circle
is Westfall et oL Fe at 1.88 GeV/nucleon data [17].
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FIG. 9. Per nucleon total charge-changing cross sections plotted against neutron-to-proton ratio (n/p): (a) 400
MeV/nucleon; (b) 600 MeV/nucleon; (c) 800—900 MeV/nucleon. Beams with exactly the same n/p ratio have been shifted
slightly to clarify the plots. See Fig. 7 for symbols and references.

A /' dependence of cross sections combined with a weak
Ai/s dependence of n/p ratio for stable nuclei. Further
investigation of neutron-stripping cross sections and mo-
mentum distributions of beam charge isotopes are needed
to shed light on this problem and our studies of the ele-
mental and isotopic cross sections will address this issue.

As a comparison, we also plot the derived mass-
changing cross sections in Fig. 10, where the neutron-
stripping portion of the cross sections is either estimated
from the Silberberg and Tsao semiempirical formula [3],
with an assigned 20% uncertainty, or is taken, if avail-
able, from experimental data [12]. The overall mass
dependence remains the same, with some improvement
in the clustering for the 400 MeV/nucleon results (cf.
Fig. 7). Also plotted are fits for the Hoang et al. [35]
model (solid line), the Westfall et al. form [17] with
AT ——0.089 (dashed line), and the Sihver et al. [5] ern-

pirical predictions (dot-dashed line), which assumes an
energy-independent fitting of total cross sections beyond
200 MeV/nucleon. The latter two predictions are almost
identical at 400 MeV/nucleon, and separate slightly at
higher energies. The dotted curve is Karol's soft-sphere
model prediction of total mass-changing cross sections.
In general, the agreement with the data is good. How-

ever, one must be careful in drawing firrn conclusions

from Fig. 10 since it is dificult to assess the accuracy of
the calculated neutron-stripping cross sections.

IV. CONCLUSIONS

%e have measured total charge-changing cross sections
for 17 diferent beam-energy combinations in the energy
range 400—900 MeV/nucleon, using a liquid-hydrogen
target to make direct measurements of heavy-ion cross
sections in hydrogen instead of relying on the CH2-C sub-
traction technique. The measured total charge-changing
cross sections show an energy dependence which follows

closely the predictions of the semiempirical models. In-
terpreted in terms of an optical model for nucleon-nucleus
collisions, the results demonstrated that, within the ex-
perimental energy range, the optical-model parameters
have a clear energy dependence. The measured cross
sections are well scaled by A /', but appear to depend,
as well, on the isospin of the &agmenting nucleus. Thus,
in the energy range of the nuclear species investigated,
the total cross-section results point out that both energy
and nucleus composition play significant roles in heavy-
ion fragmentation. Further investigation of elemental
charge-changing processes and isotopic production cross

1250

1000

750

500

250

5 10 15 20 25

(A )2/3
IicaUu

1400

1200 — (

1000-

800

600

400

200

0 I I I I

0 5 10 15 20 2 )

(A„

2000

1500-

1000—

500

0 I I ~ l Ill ~ liII II I ~ ~ ll Ill i I II I ~ III I llll ~ II

5 10 15 20 25 30 35 40

(A )

FIG. 10. Mass dependence of total mass-changing cross sections: (a) 400 MeV/nucleon; (b) 600 MeV/nucleon; (c) 800—900
MeV/nucleon. Solid lines are the fitted Hoaug et a/. model [35]. Dashed lines are the fit to Eq. (10). Dot-dashed lines are

Sihver et al. [5] predictions. Dotted lines are Karol s model [22] predictions. Some of the data points with identical mass have

been shifted slightly to clarify the plot. See Fig. 7 for symbols and references.
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sections are needed to elucidate the details of these reac-
tions.

where N„ is the AZ = 0 fragment population and Ng, g
is AZ ) 0 (charge-changing) f'ragment population. Con-
sequently, we have
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APPENDIX

However, our experiment was not designed to directly
measure oT. By substituting Eq. (Al) into Eq. (A3), we
have

Nt ——Nt t i (1 —e '. e "') (A5)

Nr, ——Ntatal [1 —(1 —o rtzt) (I —o'nt) I

= N„„i (on, zt+ o„t). (A6)

-ht eraser to obtain the total charge-changing cross sec-
tions, we apply the thin target approximation. For a
thin target, ot (& 1, Eq. (A5) can be expanded into lin-
ear form:

Equation (2) is an approximation to calculate the total
charge-changing cross section crag, under the thin target
approximation. Since o~z is a part of the total cross
section o.~,

By comparing Eq. (A6) and Eq. (A3), we have

~. g =Ntot i cr~zt, (A7)

&T = OaZ + On) (AI)
which is equivalent to a cross-section-like equation:

where 0„ is the neutron-stripping cross section, then the
true uninteracted (surviving) beam

Nt, g
——Nt.t.) (1 —e '). (A8)

7LT0 ALT

vbeam —iVtotal ' &

and total &agment population is

N(, g
——Nrrag + Nn

0= Ntotal Nbeam

=Nt t ). (1 —e r'),

(A2)

Thus, we can calculate the total charge-changing cross
section without knowing the total reaction cross section,
since Eq. (AS) requires only the incoming beam and
AZ ) 0 fragments. The difference between Eqs. (A8)
and (A4) is smaller than a second-order term of the Tay-
lor expansion.
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