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Systematics of isotopic production cross sections from interactions of relativistic40Ca
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The isotopic production cross sections for40Ca projectiles at 357, 565, and 763 MeV/nucleon interacting in
a liquid hydrogen target have been measured by the Transport Collaboration at the LBL HISS facility. The
systematics of these cross sections are studied, and the results indicate that nuclear structure effects are present
in the isotope production process during the relativistic collisions. The newly measured cross sections are also
compared with those predicted by semiempirical and parametric formulas, but the predictions do not fully
describe the systematics such as the energy dependence. The consequences of the cross section systematics in
galactic cosmic ray studies are also discussed.@S0556-2813~97!04809-7#

PACS number~s!: 25.75.2q, 26.40.1r, 25.70.Lm, 98.70.Sa
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I. INTRODUCTION

The near-Earth measurements of galactic cosmic
~GCR! isotopic abundances and energy spectra can pro
key information regarding GCR source~s!, particle accelera-
tion and deceleration mechanisms, and the effect of pro
gation through the interstellar medium@1–3#. However, the
energy and composition changes that occur during the tr
port of cosmic ray particles must be accounted for dur
such studies. A number of processes contribute to th
changes, but by far the most important parameters neces
to interpret GCR measurements are those due to nuc
fragmentation and the consequent energy-dependent pro
tion cross sections in the interstellar medium~ISM! @4#. In
fact, for some cases, accurate propagation calculations
require a very precise knowledge of the isotopic product
cross sections, along with charge- and mass-changing pa
and total reaction cross sections. With limited accelera
data on such fragmentation processes@5–10#, predictive for-
mulas based upon existing data become a necessity@11–15#.
However, the algorithms used in these prediction codes m
not be reliable for unmeasured reactions and can only
constrained by additional measurements. Thus some ke
teractions must be studied, not only for the cross sec
values themselves, but also for a better understanding o
cross section systematics, which can be used to improve
accuracy of cross section predictions.

*Current address: Horizon Computers, Inc., 5 Lincoln Highw
Edison, New Jersey 08820.
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As one of the key elements during stellar evolution, a
also a major link between heavy and medium GCR com
nents, calcium plays an important role in various astrophy
cal processes. Although gas-phase calcium is highly depl
@16#, the overall abundance of calcium in GCR is enhanc
above the normal solar system composition by a factor
3–4 @1#. This is mostly due to the spallation of heavier GC
nuclei, such as the iron-nickel group, with the interstel
medium. Different isotopes of calcium are the progenies
different nucleosynthetic processes@17–22#. Also, 40Ca can
fragment into lighter species and therefore contribute to v
ous measured GCR components such as chlorine, sulfur,
con, magnesium, and neon. The GCR source ratios
34S/32S, 30Si/ 28Si, 29Si/ 28Si, and 22Ne/20Ne are among the
key differences separating various GCR origin models@1–3#.
Since the source ratios are derived from near-Earth meas
ments, a significant portion of their uncertainties are from
nuclear cross sections used in the GCR propagation calc
tions. For example, the GCR source22Ne/20Ne ratio, cur-
rently determined to be 5 times larger than the normal so
system composition, is the most important as well as
unique feature of the Wolf-Rayet model, which also predi
the relative abundances of other GCR source isotopes
case study made recently by the Transport Collaboration
the 18O enhancement using the new22Ne and 26Mg cross
section data@7# showed that the18O abundance can var
widely if cross sections predictions are used, but is consis
with solar system composition if measured cross sections
used.

For the nuclear interaction systematics calcium has p
ticular, interesting properties. It is the only element in t
1536 © 1997 The American Physical Society
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56 1537SYSTEMATICS OF ISOTOPIC PRODUCTION CROSS . . .
beta-stable nuclear structure that has two doubly magic
topes, with two neutron shells (1d3/2, 1f 7/2) successively
filled from 40Ca to 48Ca alongside the closed proton 1d3/2
shell. Because of such a key position in the chart of nuc
ides, there is intense theoretical and experimental intere
studying calcium, including topics such as nuclear equati
of-state, shell model, nuclear charge distribution and ra
isotope shift, etc.@23–27#. Nuclear structure such as that
calcium has important effects on nuclear interaction syst
atics. Previous investigations of heavy ion fragmentation
relativistic energies have shown that the process can be
fluenced by various nuclear effects such as shell struc
and nucleus isospin@7,8#. Therefore, the individual isotopic
production cross sections contain the signatures of the f
menting nuclei as part of their systematics.

To address issues such as these, the Transport Colla
tion initiated a program to measure the projectile fragmen
tion cross sections for heavy ions (Z>2) in a liquid hydro-
gen target @28#. In April 1990 and April 1991, the
collaboration obtained data for 20 projectile-energy com
nations @29–31# using the Lawrence Berkeley Laborato
~LBL ! Bevalac Heavy Ion Spectrometer System~HISS! fa-
cility and a liquid hydrogen target. In this paper we pres
the measurement of isotopic production cross section res
of 40Ca nuclei of 357, 565, and 763 MeV/nucleon interacti
in a liquid hydrogen target. We also investigate the cr
section systematics, compare the results with other proje
species, and look at the predictions of the semiempirical
the parametric cross section models.

II. EXPERIMENT

The experimental apparatus used at LBL to measure
nuclear interaction cross sections, illustrated in Fig. 1, is
signed to identify fragment isotopic masses (A) using the
charge-velocity-rigidity technique with the formula

A5
RZec

bgmNc2
, ~1!

whereR is the fragment rigidity,Z is the charge,b is the
reduced velocity,g is the Lorentz factor, andmN is the
nucleon mass. The full experimental setup includes six
mary subsystems: the beam detection system, which inclu
the beam geometry definition scintillators~S1V1, AV, S2V2!
and position-sensitive detectors~PSDs!, liquid hydrogen tar-
get ~TGT! with post-target charge detectors~SSD, BV!,
HISS ~Heavy Ion Spectrometer System! magnet, drift cham-

FIG. 1. Schematic diagram of the experimental setup at the L
HISS facility.
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ber ~DC!, time-of-flight ~TOF! wall, and neutron detecto
~MUFFINS!. One of the features in the setup is the specia
designed liquid hydrogen target, in which the interaction b
tween the projectile and a proton takes place. Although s
a target is difficult to operate and calibrate, it provides
direct measurement of heavy ions, on proton interactio
mimicking the propagation effects of GCR through the IS
which is at least 90% hydrogen. Further details of the exp
ment configuration, detectors, and liquid hydrogen target
be found in Refs.@29–31#.

The isotopic production analysis was performed using
‘‘pseudorigidity’’ and ‘‘pseudomass’’ technique described
detail in Ref.@7#. Basically, we applied the first order rela
tionship between the fragment rigidity and its track-bend
angle as well as time of flight to obtain the isotope ma
separation required for the analysis. Figure 2 shows a m
histogram for sulfur isotopes from40Ca1H at 565
MeV/nucleon. The overall mass resolution obtained us
this technique is 0.15–0.35 u over the range of data repor

The isotopic production cross section is first calcula
using the ‘‘thin target’’ approximation

s~Z,A!5
1

t

N~Z,A!

Ntotal
, ~2!

where

t5
~NAL !310227

AH
~mb21) ~3!

is the effective hydrogen target thickness,NA is Avogadro’s
number,L is the hydrogen depth in g/cm2, and AH is the
hydrogen atomic weight. The isotopic populationN(Z,A) is
the yield of a particular isotope resulting from interactions
the target.Ntotal is the total incoming projectile population.

Determining final numbers forNtotal andN(Z,A) involves
various corrections and normalizations, and a final ‘‘thi
target’’ adjustment. The various sources which contribute
the final cross section uncertainties are statistics, fitting,
fective target thickness, ‘‘target-out’’ background subtra

L

FIG. 2. Mass histogram for40Ca1H→16S at 565 MeV/nucleon.
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1538 56C.-X. CHEN et al.
tion, trigger normalization, acceptances and efficienc
charge consistency cuts, and thick target calculations.
details of the data and uncertainty analysis are describe
Refs. @7,8#. The final isotopic production cross sections f
40Ca1H at three energies using the entire data set are li
in Table I.

III. CROSS SECTION SYSTEMATICS

In Fig. 3 we plot all the new cross sections, element
element. In general, the isotopic cross sections for the dif
ent energies have a quite similar mass dependence with
small differences for the rare neutron poor fragments.
some of the individual yields are significantly energy dep
dent. This is revealed by broadening of the distributio
seen especially in large charge-change (DZ) fragments. For
fragments with smallDZ down to phosphorus, the energ
dependence is minimal. However, for largeDZ fragments
such as silicon and lighter, the effect of projectile ener
starts to be observed. The energy dependence becomes
pronounced for magnesium, sodium, and neon. This in
cates, not surprisingly, that there is more disruption of
nuclei occurring at higher energies. The overall char
changing total cross sections and partial elemental cross
tions published earlier@8,29# pointed to a similar energy de
pendence.

A recent analysis of the neutron production from the sa
40Ca projectiles at 357 and 565 MeV/nucleon has yielded
even stronger energy dependence than seen here for the
tope production@32#. The total neutron production cross se
tion more than doubles from 357 to 565 MeV/nucleon, wh
the total charge-changing cross section only increases
;10% @29#. It is not clear why many more neutrons a
produced, except that more disruptive collisions increase
possibility for breaking nuclei up into more small fragmen

The mass distributions for each element have their o
interesting characteristics. For lighter projectiles such as
fur, the isotopic mass distribution is always centered at
same isospin, orZ/A ratio, as the projectile and shows
Gaussian type of shape@9#. However, the fragmentation pro
cess for calcium favors neutron-rich isotope production,
though 40Ca itself is balanced. Another feature is that f
odd-Z fragments, such as potassium, chlorine, phospho
aluminum, and sodium, there is a dominant isotope wh
isospin differs from the projectile’s by 1/2. Among the
dominant channels, the large cross section values are fo
fragments with spin-parity stateJp5 3

2
1, while 40Ca itself

hasJp501. It seems that the Coulomb repulsion effect
the nuclear structure of the projectile is manifest in the int
action process. One possible scenario may be that during
final evaporation phase of the interaction, the Coulomb
pulsion from the original nucleus tends to eject protons o
neutrons.

The one-neutron stripping cross sections are very com
rable ~to within 30%–50%! with those of one-proton strip
ping. This may indicate that both the outermost neutron
the outermost proton have similar spatial orbits. Howev
the two-proton stripping cross sections are very signific
compared to the almost nonexistent two-neutron stripp
process. Recent measurements on36Ar 40Ar projectiles by
the Transport Collaboration@10# using the same experimen
s,
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tal apparatus have demonstrated that36Ar also has a large
two-proton stripping cross section, whereas40Ar does not. It
appears that these large cross sections are only presen
nuclei with N5Z. Again, it is possible that this reflects th
neutron and proton radial distributions within the nucleus

The 40Ar measurements were made at an energy of 3
MeV/nucleon and hence can be compared directly with
low energy40Ca results. This allows us to make compariso
between two projectiles with the same mass, but differ
nuclear structures, with minimum influence from experime
differences. Figure 4 shows the isotopic production cr
sections from the two projectiles as functions ofDN ~number
of neutron change!, grouped in DZ ~number of proton
change!. For individualDZ channels, each projectile has i
own fragment mass distribution usually centered on a p
DN. One striking feature is that no matter how much cha
changing (DZ) has happened to the nuclei, there is cons
tently aDN of 3–4 between the40Ar and 40Ca distribution
peaks. This indicates that the four extra neutrons adde
36Ar to form the 40Ar nucleus are less tightly bound then th
same four neutrons included in the closed shell of the40Ca
nucleus.

To further demonstrate this observation, Fig. 5 shows
magnitude of the isotopic production cross section as a fu
tion of the neutron number (N) and the proton number (Z),
along with the total mass (A5N1Z) and the isospin numbe
(TZ5A/22Z), for both 40Ca @panel ~a!# and 40Ar @panel
~b!#. The size of the open circle represents the magnitud
the cross section, where a diameter of oneN ~or Z! unit is 50
mb. Open squares are the stable nuclei, and the crosshat
marks the uninteracted projectile species. The distributi
of fragments from 40Ca projectiles tend to be centere
around neutron-richTZ511/2, while those fragments from
40Ar projectiles are centered aroundTZ511. Other system-
atics such as the even-odd behavior atTZ50 andTZ51 are
discussed in detail in the context of the Transport Colla
ration 36Ar and 40Ar measurements@10#. It is feasible that in
the case of40Ar- 40Ca comparison, the excess neutrons
40Ar require less disruptive collisions to be knocked off, r
sulting large neutron-rich fragment production.

IV. COMPARISONS WITH PREDICTIONS

For GCR propagation studies, two widely adopted te
niques for predicting isotopic production cross sections
the Silberberg-Tsao semiempirical formulas@12# and the
Webber-Kish-Schrier parametric calculation@15#. Both of
these techniques use analytic expressions with adjustable
rameters to mimic the systematics preceived in a data se
cross sections measurements. The assumption is, then
these analytic expressions reflect the cross section syste
ics globally and can be used to predict unmeasured val
Thus it is important to compare the new cross section m
surements of this work with values from the predictive fo
mulas. Because of the amount of data involved, we choo
few examples for these comparisons that are significant
ther in the magnitude of the cross section or for astrophy
reasons.

The cross sections for particular even-Z fragments as a
function of energy are shown in Fig. 6, while selected oddz
fragments are plotted in Fig. 7. The solid curves in bo
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TABLE I. Isotopic production cross sections from40Ca on a hydrogen target.

Z A

356 MeV/nucleon 565 MeV/nucleon 763 MeV/nucleon

s ~mb! Ds ~mb! s ~mb! Ds ~mb! s ~mb! Ds ~mb!

20 39 25.6 13.2 34.4 7.7 29.8 6.4
11.0

20 38 0.0 11.7 1.3 0.9 0.3 20.3
19 39 38.9 10.9 39.6 7.2 54.7 7.9
19 38 21.6 9.0 23.2 5.8 21.1 8.6
19 37 12.0 2.3 5.3 1.0 4.6 1.9

10.2 10.4
19 36 0.0 10.6 0.1 20.1 0.1 20.1

18 38 18.6 2.4 23.0 1.6 19.4 2.0
18 37 50.2 3.9 43.7 2.2 44.3 3.6
18 36 31.6 3.1 28.8 1.7 33.6 3.3
18 35 8.1 0.9 4.6 0.5 4.8 0.7
18 34 0.4 0.2 0.3 0.1 0.3 0.2

17 37 2.1 0.4 2.6 0.2 2.7 0.4
17 36 8.6 1.3 12.1 0.9 11.7 1.3
17 35 36.9 3.3 29.9 1.7 33.6 2.3
17 34 16.3 1.6 14.6 1.1 15.2 1.5
17 33 2.9 0.5 1.3 0.2 1.4 0.4
17 32 0.2 0.1 0.2 0.1

16 35 1.4 0.3 1.5 0.3 1.3 0.4
16 34 22.2 1.7 20.4 1.1 20.4 1.8
16 33 34.9 2.3 35.7 1.7 36.2 2.4
16 32 24.7 1.9 23.2 1.3 21.2 1.6
16 31 3.8 0.6 2.7 0.3 2.9 0.6
16 30 0.3 0.1 0.2 0.1 0.2 0.1

15 33 1.2 0.3 1.8 0.2 1.3 0.3
15 32 8.0 0.9 9.2 0.7 12.9 1.2
15 31 24.4 2.1 25.4 1.4 24.1 1.9
15 30 10.0 1.2 11.3 0.8 11.7 1.1
15 29 2.3 0.4 0.8 0.2 0.9 0.3

14 31 0.4 0.2 1.2 0.2 0.6 0.3
14 30 9.6 1.0 14.2 0.9 16.7 1.5
14 29 20.4 1.6 24.2 1.4 23.2 2.1
14 28 19.9 1.6 22.5 1.4 27.5 1.9
14 27 1.5 0.3 1.8 0.3 2.6 0.4

13 29 1.1 0.3 0.5 0.1 1.0 0.2
13 28 3.6 0.6 5.0 0.5 5.5 0.6
13 27 13.4 1.6 18.1 1.2 21.2 1.9
13 26 6.3 1.0 8.2 0.7 8.4 0.8
13 25 0.5 0.2 0.7 0.1 0.9 0.2
13 24 0.3 0.1 0.1 0.1 0.1 0.1

12 27 0.5 0.2 0.4 0.3 0.7 0.2
12 26 4.2 0.6 6.4 0.7 6.9 0.7
12 25 5.9 0.9 10.7 1.0 13.4 1.2
12 24 7.2 1.1 11.7 1.0 14.5 1.3
12 23 0.0 10.3 0.8 0.2 2.1 0.3

11 25 0.0 10.1 0.3 0.1 0.6 0.2
11 24 0.5 0.4 1.7 0.3 2.5 0.4
11 23 2.9 1.2 7.5 0.7 10.1 1.1
11 22 2.0 0.7 4.1 0.5 5.9 0.8
11 21 0.5 0.3 0.3 0.1 1.0 0.3

10 23 0.0 10.1 0.1 0.1 0.2 0.1
10 22 0.9 0.4 2.2 0.3 3.4 0.5
10 21 2.2 0.7 5.0 0.6 4.9 0.7
10 20 2.4 0.7 4.2 0.5 5.4 0.8
10 19 0.4 0.2 0.4 0.1 0.6 0.2
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FIG. 3. Isotopic production cross sections for40Ca1H at three energies. Solid circles are 357 MeV/nucleon data, open squares a
MeV/nucleon data, and solid triangles are 763 MeV/nucleon data.
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figures are the energy dependence predicted by the s
empirical formulas, and the dashed curves are from the p
metric calculations. Also plotted as the open squares
the previous measurements of40Ca projectiles at 600
MeV/nucleon by Webber, Kish, and Schrier@6#, which were
used, in part, to develop the parametric calculation te
nique. For the six isotopes where the earlier measurem
are compared to the present results35Cl, 34S, and30Si are in
agreement while the new data for32S, 31P, and 28Si are
above the previous work. It is difficult to reconcile the S a
Si measurements, since a normalization offset that wo
bring 28Si and 32S into agreement would force30Si and 34S
into disagreement. We have looked at the mass separa
among the Si and S fragments~cf. Fig. 2! and can see no wa
for us to have an excess of32S or 28Si or any appreciable
background. Note also that we are reporting data from th
separate runs~three energies!, each of which was analyze
separately and show comparable results for32S and 31P.

While both experiments include corrections for second
interactions in the target and instrument@5–8#, it is possible
that the differences in the experimental techniques used
these corrections might introduce a mass-dependent ef
Additional experimental work will be required to resolve th
issue.

We can also compare our measurements to results f
another earlier proton irradiation experiment that used n
ral calcium targets@33#. The two isotopes studied in tha
i-
a-
re

-
ts

ld

ion

e

y

or
ct.

m
u-

experiment, 22,24Na, were found to have production cros
sections of 0.34–1.2 mb for24Na and 0.61–2.6 mb for22Na
in an energy range of 200–400 MeV/nucleon. These are
good agreement with the 356 MeV/nucleon values from t
work of 0.560.4 mb for 24Na and 2.060.7 mb for 22Na,
indicating no overproduction in our analysis.

Returning to the comparison with the predictive formul
~Fig. 6!, for 34S fragments both semiempirical and param
ric predictions are very close and in agreement with our d
but both predictions fall short for32S. For 30Si and 28Si, the
parametric predictions are somewhat closer to the data,
the energy dependence in the data is not reproduced by e
model. For 26Mg, however, the energy dependence is sim
lar, but both predictions are below the measured valu
while for 24Mg the parametric calculation gives a good fi
On the other hand, both the semiempirical and the parame
predictions agree well with20Ne data and are very close fo
22Ne.

Figure 7 shows some of the dominant channels for oddZ
fragments. The overall picture is again similar to that of F
6, with neither prediction able to match all the data. T
agreement varies from being good with the parametric f
mulas (23Na), to good with semiempirical (35Cl), to bad for
both (27Al, 31P). Similar results are observed for other cha
nels ~not plotted!. It is interesting that in some cases th
semiempirical and/or parametric formulations are able
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56 1541SYSTEMATICS OF ISOTOPIC PRODUCTION CROSS . . .
predict the measured energy dependence, but in many c
the dependence is quite different. These results imply
both cross section prediction techniquesmay need further
revision if they are to be used for calculations of cosmic
propagation through the ISM of new precision observatio
of GCR abundances that are now becoming available@34–
37#.

Such comparisons can lead to interesting astrophys
consequences. Some of the GCR source ratios, for exam
34S/32S, 30Si/ 28Si, and 29Si/ 28Si, are among the key differ
ences separating the supermetallicity model from the W
Rayet ands-process models@1–3#, with the most recent
GCR measurements indicating the solar system compos
with the exception of22Ne/20Ne @34–37#. The discrepancies
between our cross section data and the predictions, e.g.
cases of34S and32S, can lead to significant impact upon th
final astrophysical conclusions. The predicted second
component of34S will not change appreciably since the da
and the formulas are in substantial agreement. However

FIG. 4. Comparison between40Ca1H→X at 357 MeV/nucleon
~solid circles! and 40Ar1H→X at 352 MeV/nucleon ~open
squares!. Isotopic production cross sections are plotted as a func
of neutron change (DN) and grouped in proton change (DZ).
ses
at

y
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le,

f-
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ry

or

32S the data from this work imply a;30%–40% larger sec
ondary contribution, while an earlier measurement@6# agrees
with both predictions. This implies a lower32S source abun-
dance and consequently a larger34S/32S source ratio.

V. CONCLUSIONS

We report the measurement and the systematics of is
pic production cross sections from fragmentation of40Ca at

n

FIG. 5. Isotopic production cross section as a function of n
tron (N) and proton (Z) numbers for 40Ca1H→X at 357
MeV/nucleon~top! and 40Ar1H→X at 352 MeV/nucleon~bottom!.
Open circles are cross section magnitude, with a diameter of
corresponding to 50 mb. Crosshatched squares are projectile nu
Open squares are stable nuclei. Also marked are total nuclear
number (A) and nuclear isospin number (TZ).
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1542 56C.-X. CHEN et al.
357, 565, and 763 MeV/nucleon in hydrogen. The resu
indicate that nuclear structure effects are present in the
tope production process during relativistic collisions. T
new isotopic cross sections show various degrees of ene
dependence not uniformly reproduced by any of the pred
tive techniques. Even though the projectile is a neutro
balanced species, the isotopic production overall fav
neutron-rich fragments. Neither the Silberberg-Tsao se

FIG. 6. Energy dependence of some even-Z fragments from
40Ca1H→X, solid circles are from this work. Open squares a
previous data@6#. Solid curves are semiempirical predictions, an
dashed curves are parametric predictions.
s
o-

gy
c-
-

rs
i-

empirical cross section formulas@12# nor the Webber-Kish-
Schrier parametric predictions fully describe these system
ics @15#. The new cross data presented here can be utilize
refine the cross section prediction algorithms which are u
to interpret cosmic ray observations of the abundances.
cause of the lack of adequate heavy-ion facilities worldwi
future cosmic ray experiments will have to rely heavily up
cross section predictions. Therefore it is important to upd
the predictive formulas, using data such as those repo
here, to ensure that the solutions to some astrophysical q
tions are not dominated by cross section inaccuracies.
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