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The isotopic production cross sections f€a 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 discus§80556-28137)04809-7

PACS numbegps): 25.75—q, 26.40+r, 25.70.Lm, 98.70.Sa

I. INTRODUCTION As one of the key elements during stellar evolution, and
also a major link between heavy and medium GCR compo-
The near-Earth measurements of galactic cosmic rapents, calcium plays an important role in various astrophysi-
(GCR) isotopic abundances and energy spectra can provideal processes. Although gas-phase calcium is highly depleted
key information regarding GCR soufsg particle accelera- [16], the overall abundance of calcium in GCR is enhanced
tion and deceleration mechanisms, and the effect of propabove the normal solar system composition by a factor of
gation through the interstellar mediuh—3]. However, the  3—4[1]. This is mostly due to the spallation of heavier GCR
energy and composition changes that occur during the transwuclei, such as the iron-nickel group, with the interstellar
port of cosmic ray particles must be accounted for duringmedium. Different isotopes of calcium are the progenies of
such studies. A number of processes contribute to thesdifferent nucleosynthetic procesgds—22. Also, “°Ca can
changes, but by far the most important parameters necessamagment into lighter species and therefore contribute to vari-
to interpret GCR measurements are those due to nucleaus measured GCR components such as chlorine, sulfur, sili-
fragmentation and the consequent energy-dependent produmn, magnesium, and neon. The GCR source ratios of
tion cross sections in the interstellar medigt8M) [4]. In  34S/2S, 305j/ 28 295j/285j and 2°Nef’°Ne are among the
fact, for some cases, accurate propagation calculations maey differences separating various GCR origin mo@i&fs3].
require a very precise knowledge of the isotopic productiorSince the source ratios are derived from near-Earth measure-
cross sections, along with charge- and mass-changing partiadents, a significant portion of their uncertainties are from the
and total reaction cross sections. With limited acceleratonuclear cross sections used in the GCR propagation calcula-
data on such fragmentation procesges10], predictive for-  tions. For example, the GCR souré&e/?*’Ne ratio, cur-
mulas based upon existing data become a necdddityl5. rently determined to be 5 times larger than the normal solar
However, the algorithms used in these prediction codes magystem composition, is the most important as well as the
not be reliable for unmeasured reactions and can only banique feature of the Wolf-Rayet model, which also predicts
constrained by additional measurements. Thus some key irthe relative abundances of other GCR source isotopes. A
teractions must be studied, not only for the cross sectiomase study made recently by the Transport Collaboration for
values themselves, but also for a better understanding of thbe 80 enhancement using the netNe and ®Mg cross
cross section systematics, which can be used to improve thgection datg7] showed that the'®0 abundance can vary

accuracy of cross section predictions. widely if cross sections predictions are used, but is consistent
with solar system composition if measured cross sections are
used.
*Current address: Horizon Computers, Inc., 5 Lincoln Highway For the nuclear interaction systematics calcium has par-
Edison, New Jersey 08820. ticular, interesting properties. It is the only element in the
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FIG. 1. Schematic diagram of the experimental setup at the LBL ]
HISS facility.
100 .
beta-stable nuclear structure that has two doubly magic iso- |
topes, with two neutron shells @3, 1f,,) successively
filled from #%Ca to “8Ca alongside the closed protomis, 0 -
shell. Because of such a key position in the chart of nucle- 29 30 31 32 33 34 35 36 37
ides, there is intense theoretical and experimental interest in A (ll)

studying calcium, including topics such as nuclear equation-
of-state, shell model, nuclear charge distribution and radii, £ 2 Mass histogram fof°Cat+H— ;¢S at 565 MeV/nucleon.
isotope shift, etc[23—-27. Nuclear structure such as that of

calcium has important effects on nuclear interaction systemgg, (DC), time-of-flight (TOF) wall, and neutron detector
atics. Previous investigations of heavy ion fragmentation aj\UFFINS). One of the features in the setup is the specially
relativistic energies have shown that the process can be iNfesigned liquid hydrogen target, in which the interaction be-
fluenced by various nuclear effects such as shell structurgyeen the projectile and a proton takes place. Although such
and nucleus isospifv7,8]. Therefore, the individual isotopic 5 target is difficult to operate and calibrate, it provides a
prodgctlon cross sections contain the signatures of the fragsirect measurement of heavy ions, on proton interactions,
menting nuclei as part of their systematics. mimicking the propagation effects of GCR through the ISM,

~ To address issues such as these, the Transport Collabognich is at least 90% hydrogen. Further details of the experi-
tion initiated a program to measure the projectile fragmentap,ont configuration, detectors, and liquid hydrogen target can
tion cross sections for heavy ion€%2) in a liquid hydro-  pe found in Refs[29-31].

gen target[28]. In April 1990 and April 1991, the  The jsotopic production analysis was performed using the
coII.aboratlon obtamed data for 20 projectile-energy Comb'*‘pseudorigidity” and “pseudomass” technique described in
nations[29-31 using the Lawrence Berkeley Laboratory getajl in Ref.[7]. Basically, we applied the first order rela-
(LBL) Bevalac Heavy lon Spectrometer SysteHISS) fa-  (ionship between the fragment rigidity and its track-bending
cility and a liquid hydrogen target. In this paper we presenfyngle as well as time of flight to obtain the isotope mass
the measurement of isotopic production cross section res”'%%paration required for the analysis. Figure 2 shows a mass
of “%Ca nuclei of 357, 565, and 763 MeV/nucleon interactingpistogram for sulfur isotopes from®Ca+H at 565

in a liquid hydrogen target. We also investigate the Cros§yiev/nucleon. The overall mass resolution obtained using
section systematics, compare the results with other projectilgyjs technique is 0.15-0.35 u over the range of data reported.
species, and look at the predictions of the semiempirical and Tpe isotopic production cross section is first calculated

the parametric cross section models. using the “thin target” approximation
1 N(ZA
Il. EXPERIMENT oz m=T |£| ) ' ©
The experimental apparatus used at LBL to measure the total
nuclear interaction cross sections, illustrated in Fig. 1, is de\'/vhere
signed to identify fragment isotopic masses) (using the
charge-velocity-rigidity technique with the formula (NaL)x 10 %7
t=—F (mb™?) )
A RZec L H
Bymyc? ' @ is the effective hydrogen target thicknebk, is Avogadro’s

number,L is the hydrogen depth in g/&nand A is the

whereR is the fragment rigidityZ is the chargeg is the  hydrogen atomic weight. The isotopic populatid(z,A) is
reduced velocity,y is the Lorentz factor, andny is the the yield of a particular isotope resulting from interactions in
nucleon mass. The full experimental setup includes six prithe targetNy is the total incoming projectile population.
mary subsystems: the beam detection system, which includes Determining final numbers fd¥y, andN(Z,A) involves

the beam geometry definition scintillatq®1V1, AV, S2V3  various corrections and normalizations, and a final “thick
and position-sensitive detectaiBSDS, liquid hydrogen tar- target” adjustment. The various sources which contribute to
get (TGT) with post-target charge detectofSSD, BV), the final cross section uncertainties are statistics, fitting, ef-
HISS (Heavy lon Spectrometer Systemagnet, drift cham- fective target thickness, “target-out” background subtrac-
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tion, trigger normalization, acceptances and efficienciestal apparatus have demonstrated tA%r also has a large
charge consistency cuts, and thick target calculations. Thgvo-proton stripping cross section, wheré8ar does not. It
details of the data and uncertainty analysis are described iippears that these large cross sections are only present for
Refs.[7,8]. The final isotopic production cross sections for nuclei with N=2. Again, it is possible that this reflects the
*CatH at three energies using the entire data set are listefleutron and proton radial distributions within the nucleus.
in Table I. The “°Ar measurements were made at an energy of 352
MeV/nucleon and hence can be compared directly with the
low energy“°Ca results. This allows us to make comparisons
between two projectiles with the same mass, but different

In Fig. 3 we plot all the new cross sections, element bynuclear structures, with minimum influence from experiment
element. In general, the isotopic cross sections for the differdifferences. Figure 4 shows the isotopic production cross
ent energies have a quite similar mass dependence with oniections from the two projectiles as functionsAdfl (number
small differences for the rare neutron poor fragments. Yebf neutron change grouped inAZ (number of proton
some of the individual yields are significantly energy depen<change. For individualAZ channels, each projectile has its
dent. This is revealed by broadening of the distributionsown fragment mass distribution usually centered on a peak
seen especially in large charge-change] fragments. For AN. One striking feature is that no matter how much charge
fragments with smalAZ down to phosphorus, the energy changing AZ) has happened to the nuclei, there is consis-
dependence is minimal. However, for large fragments tently aAN of 3—4 between thé®Ar and “°Ca distribution
such as silicon and lighter, the effect of projectile energypeaks. This indicates that the four extra neutrons added to
starts to be observed. The energy dependence becomes veBAr to form the “°Ar nucleus are less tightly bound then the
pronounced for magnesium, sodium, and neon. This indisame four neutrons included in the closed shell of {f@a
cates, not surprisingly, that there is more disruption of thenucleus.
nuclei occurring at higher energies. The overall charge- To further demonstrate this observation, Fig. 5 shows the
changing total cross sections and partial elemental cross semagnitude of the isotopic production cross section as a func-
tions published earli€li8,29] pointed to a similar energy de- tion of the neutron numbeN) and the proton numbeiZ],
pendence. along with the total massi= N+ Z) and the isospin number

A recent analysis of the neutron production from the saméT,=A/2—Z), for both “°Ca [panel (a)] and *°Ar [panel
40Ca projectiles at 357 and 565 MeV/nucleon has yielded arib)]. The size of the open circle represents the magnitude of
even stronger energy dependence than seen here for the ishe cross section, where a diameter of dhéor Z) unit is 50
tope productiori32]. The total neutron production cross sec- mb. Open squares are the stable nuclei, and the crosshatching
tion more than doubles from 357 to 565 MeV/nucleon, whilemarks the uninteracted projectile species. The distributions
the total charge-changing cross section only increases hyf fragments from #°Ca projectiles tend to be centered
~10% [29]. It is not clear why many more neutrons are around neutron-ricii ;= + 1/2, while those fragments from
produced, except that more disruptive collisions increase thé%Ar projectiles are centered arouiig= + 1. Other system-
possibility for breaking nuclei up into more small fragments. atics such as the even-odd behavioTat=0 andT,=1 are

The mass distributions for each element have their ownliscussed in detail in the context of the Transport Collabo-
interesting characteristics. For lighter projectiles such as sukation 3®Ar and “°Ar measurementgL0]. It is feasible that in
fur, the isotopic mass distribution is always centered at thehe case of%CAr- 4°Ca comparison, the excess neutrons in
same isospin, oZ/A ratio, as the projectile and shows a “°Ar require less disruptive collisions to be knocked off, re-
Gaussian type of shape]. However, the fragmentation pro- sulting large neutron-rich fragment production.
cess for calcium favors neutron-rich isotope production, al-
though “°Ca itself is balanced. Another feature is that for
oddZ fragments, such as potassium, chlorine, phosphorus,
aluminum, and sodium, there is a dominant isotope whose For GCR propagation studies, two widely adopted tech-
isospin differs from the projectile’s by 1/2. Among these niques for predicting isotopic production cross sections are
dominant channels, the large cross section values are for thee Silberberg-Tsao semiempirical formulpg2] and the
fragments with spin-parity statd”=3*, while *°Ca itself =~ Webber-Kish-Schrier parametric calculatiph5]. Both of
hasJ™=0". It seems that the Coulomb repulsion effect in these techniques use analytic expressions with adjustable pa-
the nuclear structure of the projectile is manifest in the interrameters to mimic the systematics preceived in a data set of
action process. One possible scenario may be that during tlegoss sections measurements. The assumption is, then, that
final evaporation phase of the interaction, the Coulomb rethese analytic expressions reflect the cross section systemat-
pulsion from the original nucleus tends to eject protons oveics globally and can be used to predict unmeasured values.
neutrons. Thus it is important to compare the new cross section mea-

The one-neutron stripping cross sections are very compaurements of this work with values from the predictive for-
rable (to within 30%-50% with those of one-proton strip- mulas. Because of the amount of data involved, we choose a
ping. This may indicate that both the outermost neutron andew examples for these comparisons that are significant, ei-
the outermost proton have similar spatial orbits. Howeverther in the magnitude of the cross section or for astrophysics
the two-proton stripping cross sections are very significanteasons.
compared to the almost nonexistent two-neutron stripping The cross sections for particular evEnfragments as a
process. Recent measurements 68Ar “°Ar projectiles by  function of energy are shown in Fig. 6, while selected ard-
the Transport Collaboratiofi0] using the same experimen- fragments are plotted in Fig. 7. The solid curves in both

lll. CROSS SECTION SYSTEMATICS

IV. COMPARISONS WITH PREDICTIONS
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TABLE |. Isotopic production cross sections froffiCa on a hydrogen target.
356 MeV/nucleon 565 MeV/nucleon 763 MeV/nucleon
z A o (mb) Ao (mb) o (mb) Ao (mb) o (mb) Ao (mb)
20 39 25.6 13.2 34.4 7.7 29.8 6.4
+1.0
20 38 0.0 +1.7 1.3 0.9 0.3 -0.3
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
+0.2 +0.4
19 36 0.0 +0.6 0.1 -0.1 0.1 -0.1
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 14 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 2.1 254 14 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 15 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 55 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 +0.3 0.8 0.2 2.1 0.3
11 25 0.0 +0.1 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 +0.1 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 54 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 fS€a+H at three energies. Solid circles are 357 MeV/nucleon data, open squares are 565
MeV/nucleon data, and solid triangles are 763 MeV/nucleon data.

figures are the energy dependence predicted by the semixperiment,?>?Na, were found to have production cross
empirical formulas, and the dashed curves are from the paragctions of 0.34—1.2 mb f&&*Na and 0.61—2.6 mb fo*Na
metric calculations. Also plotted as the open squares arg an energy range of 200-400 MeV/nucleon. These are in

the previous measurements dfca projectiles at 600 good agreement with the 356 MeV/nucleon values from this
MeV/nucleon by Webber, Kish, and Schri@], which were o of 0.5-0.4 mb for 24Na and 2.6:0.7 mb for 22Na

used, in part, to develop the parametric calculation teChl'ndicating no overproduction in our analysis.

nique. For the six isotopes where the earlier Measurements peatyrning to the comparison with the predictive formulas
are compared to the present resifis], *'S, and™si are in (Fig. 6), for s fragments both semiempirical and paramet-

agreement while the new data fdfS, 3P, and ?%Si are o . )
above the previous work. It is difficult to reconcile the S and"'° predictions are very close and in agreement with our data,

Si measurements, since a normalization offset that woulttj)Ut both predicti.on's fall short fof’S. For *Si and*’Si, the
bring 28Si and %3S into agreement would forc®¥Si and S parametric predictions are somewhat closer to the data, but

into disagreement. We have looked at the mass separatidh€ €nergy dependence in the data is not reproduced by either

among the Si and S fragmertd. Fig. 2 and can see no way model. For?®Mg, however, the energy dependence is simi-
for us to have an excess GfS or 28Sj or any appreciable 'ar, but both predictions are below the measured values,

background. Note also that we are reporting data from threwhile for *Mg the parametric calculation gives a good fit.
separate rungthree energies each of which was analyzed On the other hand, both the semiempirical and the parametric

separately and show comparable results¥& and3'P. predictions agree well witf°Ne data and are very close for
While both experiments include corrections for secondaryzzNe.
interactions in the target and instrumébt-8|, it is possible Figure 7 shows some of the dominant channels for @d-

that the differences in the experimental techniques used fdragments. The overall picture is again similar to that of Fig.
these corrections might introduce a mass-dependent effed, with neither prediction able to match all the data. The
Additional experimental work will be required to resolve this agreement varies from being good with the parametric for-
issue. mulas €Na), to good with semiempiricaf{Cl), to bad for
We can also compare our measurements to results fromoth ’Al, 3P). Similar results are observed for other chan-
another earlier proton irradiation experiment that used natunels (not plotted. It is interesting that in some cases the
ral calcium targetd33]. The two isotopes studied in that semiempirical and/or parametric formulations are able to
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squarek Isotopic production cross sections are plotted as a function
of neutron changeAN) and grouped in proton changAZ). ﬁ ~
;
9

predict the measured energy dependence, but in many case

the dependence is quite different. These results imply that

bOt_h Cross section prediction technlqumy need furth.er FIG. 5. Isotopic production cross section as a function of neu-

revision if they are to be used for calculations of cosmic rayyon (N) and proton Z) numbers for “CatH—X at 357

propagation through the ISM of new precision observationgyev/nucleon(top) and “°Ar+H— X at 352 MeV/nucleorfbottom).

of GCR abundances that are now becoming availg®¥-  Open circles are cross section magnitude, with a diameter of one

37]. corresponding to 50 mb. Crosshatched squares are projectile nuclei.
Such comparisons can lead to interesting astrophysicabpen squares are stable nuclei. Also marked are total nuclear mass

consequences. Some of the GCR source ratios, for exampleymber @) and nuclear isospin numbef).

3457325, 305j/ 285, and 2%Si/ 8Si, are among the key differ-

ences separating the supermetallicity model from the Wolf325 the data from this work imply &30%—40% larger sec-

Rayet ands-process model$1-3], with the most recent ondary contribution, while an earlier measureni@itagrees

GCR measurements indicating the solar system compositiofith both predictions. This implies a lowéfS source abun-

with the exception of’Ne/*°Ne [34—37. The discrepancies dance and consequently a largés/32S source ratio.

between our cross section data and the predictions, e.g., the

cases of**S and®?S, can lead to significant impact upon the V. CONCLUSIONS

final astrophysical conclusions. The predicted secondary '

component of**S will not change appreciably since the data We report the measurement and the systematics of isoto-

and the formulas are in substantial agreement. However, fguic production cross sections from fragmentation*t¢a at
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S 1 S — ics[15]. The new cross data presented here can be utilized to

- ] refine the cross section prediction algorithms which are used
4F % E I Y AR to interpret cosmic ray observations of the abundances. Be-

~ oL cause of the lack of adequate heavy-ion facilities worldwide,
g £ gf E future cosmic ray experiments will have to rely heavily upon
b 2 4r 3 cross section predictions. Therefore it is important to update
, _ DCarHsNe] 2L 0054 H.5Ne the predictive formulas, using data such as those.reported
E ] 3 ] here, to ensure that the solutions to some astrophysical ques-
o Bl v iinnl il g B bbbt tions are not dominated by cross section inaccuracies.
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