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This paper reports the elemental production cross sections for 17 projectile-energy combinations with ener-
gies between 338 and 894 MeV/nucleon interacting in a liquid hydrogen target. These results were obtained
from two runs at the LBL Bevalac using projectiles ranging fréiNe to °®Ni. Cross sections were measured
for all fragment elements with charges greater than or equal to half the charge of the projectile. The results
show that, over the energy and ion range investigated, the general decrease in cross section with decreasing
fragment charge is strongly modified by the isospin of the projectile ion. Significant additional modifications of
the cross sections due to the internal structure of the nucleus have also been seen. These include both pairing
and shell effects. Differences in the cross sections due to the differing energies of the projectile are also
considerable.

PACS numbss): 25.75~q, 25.70.Mn, 98.70.Sa

[. INTRODUCTION sulting in discrepancies, when compared with new measure-
ments, that significantly exceed the accuracies of better than
A long standing problem in the study of galactic cosmic 10% that are necessary to address many of the questions of
rays(GCR’9 is deducing the elemental and isotopic compo-interest.
sition at the source from the observed abundances. A defini- Many of the data used to develop the early predictions
tive determination of the source composition would lead to avere obtained from experiments in which protons bom-
better understanding of the nucleosynthesis processes aR@rded targets of various materig56,7). Cross sections for
acceleration mechanisms occurring at the sdsycelhe the prqducnon of spgmflc unstable |sotc_)pes could then .be
GCR elemental and isotopic populations observed at Earttfl€términed by observing their decay. This led to the predic-
however, are very likely to be appreciably different from tion formallsm being derived from a relatively small number
those at the source, due to interactions of the cosmic-ra f cross sections. More reqenﬂ&—lZ] data frqm heavy-!on
nuclei with the interstellar mediutiSM) during transport in cams have_ been use_d to Improve the pr_ed|c_t|or_15. This tech-
the galaxy that result in nuclear fragmentation. Evaluating';|Ique of using heavy-ion beams Interacting in f|x§d targets
. . as several advantages, the most important of which for this
the .e.ffects thqt these interactions have had on the GCR co halysis is that since all of the heavy fragments
posmon requires yalues of the.elemental and_lsotopm pro(ZZZprojechZ) are observed the elemental and isotopic
duction cross sections, determlneq as a function Qf t_h_e €kross sections can be measured directly.
ergy, for all of the nuclear species that have significant  The Transport Collaboration, composed of researchers
abundances. from eight institutions in Italy, France, and the U.S.A., was
The number of cross sections required for such calculaformed to study the problem of cosmic-ray transport, paying
tions of cosmic-ray transport is so large that it is virtually particular attention to the measurement of new cross sec-
impossible to measure all of them; hence it has been necegions. The main thrust of this paper is to report the measured
sary to develop various formalisms that attempt to predicklemental cross sections and to use them to examine the
values for those that have not been measiileeb]. These nuclear physics of fragmentation reactions, and to compare
formalisms have generally proved relatively unreliable, re-them with predicted cross sections. This may in turn provide
some guidance as to how to improve cross section predic-

tions.
“Current address: Lawrence Berkeley Laboratory, 1 Cyclotron Due to the sheer volume of data, and the complexity of
Road, Berkeley, CA 94720. the analysis, we are reporting the results of our program in a
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FIG. 1. The portion of the experimental setup upstream of the 750 - =
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series of papers. This paper concentrates on the elemental - 3
production cross sections, including relevant details of the o o ———t 7
experimental setup and acceptance and thick target correc- Cooa Lo b L Ly
tions. A companion paper on the charge changing total cross 0 200 40EOBV ADC600 800 1000
sections has recently been publisHégd]. Isotopic produc-
tion cross sections will be reported in future papers. FIG. 2. A scatter plot of SSD ADC vs BV ADC foPS at 571
MeV/nucleon, with a BEAM trigger.
Il. EXPERIMENTAL TECHNIQUE veto detectors, V1, V2, and UDEW, that provided active col-

The primary goal of these experiments was to idemifylimation were scintillatorg, Vl. and V2 having 'circular aper-
fragment isotopes produced by various beams of inciderfres (1.0 and 2.54 c¢m in diameter, respectivel{yDEW
nuclei interacting in a target of liquid hydrogen, and to ob-having an adjustable rectangular aperture. A special purpose
tain their production cross sections. Details of the completé&lectronic module was used for on-line pileup rejection. This
set of detectors are discussed by Cheal.[13] and Albergo ~ Was the updating one shot or UDOS, which used signals
et al. [14]. The experimental setup was employed for twofrom S1 and V1. _ _ _
runs which took place in April 1990 and 1991 using the There were two charge measuring detectors immediately
HISS facility at the LBL Bevalac. following the target. The primary post-target charge measur-

The projectiles and energies studied during the runs inl"g device wa a 1 mmthick Si(Li) solid state detectdSSD
clude?Ne at 377, 581, and 894 MeV/nuclediiMg at 371 and the secondary detectorsva 3 mmthick scintillator, the
and 576 MeV/nucleon32S at 365, 571, and 770 Mey/ Pbeam veto(BV). The V4 detector was a scintillator, with a
nucleon: 3®Ar at 361, 546, and 765 MeV/nucleofCAr at 4.5 cm circular aperture, associated with the solid state de-
352 MeV/nucleon*°Ca at 357, 565, and 763 MeV/nucleon; tector, that was used to reject events in which the leading
52Cr at 343 MeV/nucleon: antfNi at 338 MeV/nucleon. The fragment missed the active area of the SSD. The basic trigger
energies listed are those at the center of the target. condition for data taking, designated BEAM, was BEAM

The identification of the charges of the fragments used the= (S1- V1) - (S2-V2)-UDEW-V4-UDOS.
portion of the apparatus shown in Fig. 1. This includes the For a large portion of the run time=35%), the BV was
upstream detectors, the target, and the charge measuring desed to eliminate from the trigger mdst90%) of the beam
tectors immediately following the target. The HISS magnetparticles that did not interact in the target. A threshold on the
and other detectorgot shown, which were necessary for signal from the BV, BVh, was set to eliminate events in
mass identification, were not used in this analysis. which a particle with the same charge as the beam projectile

The detectors upstream of the target provide timing andtruck the BV detector. An “interaction” trigger designated
vectoring information on the incoming beam particles, andiINT, INT =BEAM - BVh, was used for these runs. The rejec-
monitor beam quality. The array of detectors included scintion of events was based on the measured charge in the BV
tillators that gave timing and charge information, veto detecscintillator. This was done to increase the number of interac-
tors that provided active collimation of the beam, and positions recorded in the finite time available. The data taken
tion sensitive detectors (PSD’9 that allowed the with the INT trigger were normalized to the BEAM trigger
determination of the vector of the beam projectile, on andata using the procedure described in Sec. ll.
event by event basis. There were slight differences for the The target was liquid hydrogeihH,), approximately 0.25
1990 run, but the general setup was the same except that tigcn? thick, contained between titanium windows a total of
V4 detector was absent. 0.18 g/cn? thick. The target-outTO) data were taken using a

The trigger for the experiment was derived primarily from “mass dummy” which contained titanium windows with the
the upstream S1,V1, and S2,V2 detectors and the UDEVEame total thickness as those on the,ltbfget. This is the
(up-down-east-weptdetector. S1 and S2 were scintillators equivalent of emptying the liquid hydrogen out of the target.
which provided timing information. S2 also provided chargeThe interaction rate for the mass dummy was on the order of
information that was used to reject events in which the beanhalf of that for the full target. The windows of the Liarget
projectile had interacted upstream of the target. The threavere permanently deformed during pressure testing; thus the
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FIG. 3. A plot of the data shown in Fig. 2 displaying SSD . )
charge vs BV charge. This plot shows the effect of the charge caliADC overflows (the line along the to_p of '_:'g')Z‘N?re re-
oved by the cuts. For the events in which an interaction

bration, as well as the charge consistency cuts. The superior char )
resolution of the SSD detector can be seen. ad taken place downstream of the targhe tail to the left

of the Zgy=Zggp line in Fig. 3 we usedZ=Zggp. Those

exact target thickness depended on where the ro.ect"events in the tail to the right of the line of charge “islands,”
9 p projectil Fig. 2, were also removed by the cuts. These events were
struck the target. For details of the target construction an

. . ue to those particles which missed the active area of the
thickness calculations see Albergal.[14], Engelageet al. relatively small SSD. The application of these cuts resulted

[15]’. and Cheret al. [13], . ._in the necessity of including an acceptance correction for the
Figure 2 shows a scatter plot of the raw analoq'to'd'g'talfragments missing the SSD

converter(ADC) response, with a BEAM trigger, of the two

charge measuring detectdBV and SSD for >2S projectiles Il ANALYSIS
with 571 MeV/nucleon at the target. The SSD had the qua- '
dratic response to the charge that is typical of such detectors, A. Cross section calculation

while scintillator saturation effects resulted in a linear depen- ¢ populations for each fragment charge were extracted
_dence of the BV signal on charg_e. T_he procedure for extract_by fitting multiple Gaussians to the charge histograms. A
ing the charge began by applying independent charge callyjica| charge spectrum with the appropriate fit is shown in
brations to the two detetl:/tzors. For the SSD, the callbratlorp:ig_ 4. As there were two target positions, and two trigger
was Zsgp=C1X(ADCssp™“+Cp. For the BV, Zgy=Cs  getiings, there were four types of data for each beam:, LH
XADCgy+C,. Deviations from these functional forms target BEAM trigger, LH target INT trigger, TO target
could be as large as @Ior the lightest beam:*Ne. The  BEAM trigger, TO target INT trigger. In generat70—80%
four constants were determined separately for each ionsf ihe fragments were derived from the INT trigger data.
energy combination. The slight energy loss in the liquid hy- " The target was thin, with the interaction rate in the liquid
drogen required different calibrations for the target-in a”dhydrogen varying from-4% to ~9%, depending on the spe-

target-out data. cific projectile. However, the contribution from the target

The fragment charge determination could be improved by.ntainer was quite large, making the total interaction rate
combining the information from the BV and the SSD, de-{,; tne target-in data~7% to ~17%. Although this was a

pending on the results of an internal consistency test. Thg,yer rate than that for most “thick target” experiments, it
SSD showed much better charge resolution than the BV, byfaq necessary to consider, in some detail, the propagation of
suffered from pileup effects due to the relatively long time o projectiles and fragments through the target,

constant of the SSD~1ps). The production of fragment nuclei of a specific charge

Figure 3 shows the same data as Fig. 2, but with th&ithin the target can be described by the following differen-
charge calibrations applied, and several cuts in effect. For thg,, equation:

majority of the events, those lying close to tAg,=Zggp

line, the results from the two detectors were combined in adN;, _
weighted average. A weighting of three to one in favor of the —g,~ = Np(X)o(P.2) = Nz(X) oora £) + Z’z N;(x)o(j,Z).

SSD gave the best final resolutiois=(Zgy +3Zggp/4. This . 1)
weighting was used for all projectiles. The optimal weighting

was determined empirically by varying the weights until the  The quantityx is the target thickness traversed, expressed
best resolution was obtained. The events in which the SSIh nuclei per mh(i.e., the thickness in g cit multiplied by
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the number of target nuclei per g and divided by the numbecorection is applied the target-out correction is very small. In
of mb per cnd) The subscripP indicates uninteracted pro- this experiment this was not the case and it was necessary to
jectiles.Np(x) is the number of projectiles at the positisn  use a two-step procedure. First a thick target correction was
Nz(x) is the number of fragments of chargeThe first term  run on the target-out data. The cross sections from this pro-
of Eqg. (1) is the contribution to the number of fragments, of cedure were then used in the full target correction.

chargez, from the projectile, andr(P,Z) is the elemental The final corrections to the thin target values varied sig-
production partial cross section for charge the quantity nificantly depending on the projectile and fragment. For frag-
that we wish to measure. The second term is the loss ahents with small charge changes the correction significantly
fragments to secondary interactionsy,(Z) is the total increased over the thin target value. The largest enhance-
charge changing cross section for the fragment. The thirdnents were on the order of 25—30 % for the highest charge
term is the contribution from secondary interactions of frag-fragments fronP®Ni, ranging down to 7—10 % for the high
ments with higher charge. The quantily,(x) is derived charge fragments dfNe. These values are the ratio between
from the known number of projectiles entering the targkt, the final thick target cross sections and the results of(#qg.
[=Np(0)], and can be derived from E¢L) by substitutingP This enhancement was due to the loss of fragments from the

for Z and only including the loss term. The result is second term of Eq(1), as well as the loss of projectiles
B o described by Eq(2). Each of these two effects accounts for
Np(x)=Np(0)e™*wual), (2)  roughly half of the enhancement. For these heavy fragments

. . . the third term of Eq(1) was not particularly significant. For
where oy, P) is the total charge changing cross section forlighter fragments the third term of Eql) became signifi-

the projectile. _ , cant; in a few cases it was a major contribution to the num-
When secondary interactions were neglected, the secorgh, of fragments. This could result in the thick target cross
and third terms of Eq(1), the solution to Eq(1) became section being lower than the thin target value. The details of
N, o(P,2) the calculation are explained in the Appendix.
L= " (1—e Tow0alP)y, ®) The determination of the cross sections for the—1
Np Tt P) fragments presented a separate problem. The threshold on
the BV output, BVh, used in the INT trigger was set to reject

gr‘e: TE|s(:t£1i;gtiletiirr%et";ggkg esesx. ';%iﬁn mgmetfl%:gr?_uninteracted beam nuclei yet minimize the loss of fragments.
get, £q. P y eXp 9 P However, since some percentage of the—1 fragments

tial and neglecting higher terms. This leads to a cross sectlo\pvere also rejected, the INT trigger data were unsuitable for

of extracting theZ,—1 cross section. The possibility of the
1N, BVh cut affecting theZ,—2 population was investigated,
o(P,2)= TN (4) and found in the worst case to be less than 0.1%, and thus
P

insignificant.

The charge populations used in the cross section calcula-
tions were derived from fits to a charge spectrum that com-
bined both the INT and BEAM trigger data. The number of
incoming projectiles for the BEAM data was known directly,

; o fi : . but the number for the INT trigger data had to be derived
from the multiple Gaussian fit to the charge histogrdig. : )
4) and V; is calculated for that particular chargeee Sec. from the BEAM trigger data by comparing the number of
I C). fragments in a portion of the charge spectrum, frapi2 to

Zp—2, that was unaffected by the difference in the trigger
logic. The charge populations could be reliably determined
down to Zp/2. The normalization factoR was the ratio of
the populations in this range for the two trigge8geay and

The charge population valuebl{) are the areas under the
individual Gaussian peaks, with a correction for the instru
ment acceptancd/, . The population for a particular charge
N,=A;V,, where A, is the number of particles derived

The thick target calculation involved a numerical solution
to Eqg. (1), which is explained in detail in the Appendix. The
principle is fairly simple; the targéboth the LH and “back-
ground” material, see the Appendixvas divided up into X
many thin slabs, and a sum was used to replace the integrglNT'
that would otherwise be necessary to solve the equation. The L
slabs were sufficiently thin that the relationship in E4) RLHZ_(SBE'ZAM)

could be used. The assumed values for the partial cross sec- 5

tions o(P,Z) were adjusted until the final number of frag-

ments calculated matched the number observed. The initial

estimates for these cross sections were essentially those dehere

termined with Eq.(4). The secondary cross sections were

treated as fixed parameters. Zp—2
There were two factors which made a somewhat more SE:iM: > N;HBZEAM (6)

complicated technique necessary. The simpler of the two was Z=zplz ™

the acceptance correction. Due to the physical size of the

target the acceptance correction varied slightly depending oand

the depth in the target at which the interaction took place.

This was accounted for by applying the acceptance correc- Zp-2

tion separately for each slab. More difficult was the target- gHa_ N;ann- 7)

out correction. In most experiments when a thick target Z=zplz ™

H,
SinT
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e amber of ncoming projectes for the Sum of - 4a(P.2)= (P2 \(RCTCT+ (Aela)®. (13
where the value oAAC is the uncertainty in the correction
Ly« LH, ( S:‘,L*TZ ) calculated using the Monte Carlo techniquépP,Z) is the
N, 2=N 1+

tota— NpEAM T, (8)  final cross section, and the values with the subscript “thin”

are the cross sections and uncertainties from E@sand
e(10), respectively.

LH,
SBEAM

The interaction trigger also cuts out a percentage of th
fragments with a charge change ofZl,—1. As a result only
the BEAM trigger data could be used to extract the cross
sections for these fragments, which results in increased sta- The acceptance was defined, for the 1991 runs, by the V4

C. Instrument acceptance

tistical uncertainties for these cross sections. and SSD, while for 1990 it was defined by the SSD alone, as
the V4 detector was only in place for the April 1991 run. The
B. Calculation of uncertainties appropriate acceptance, and the associated uncertainties,

. . _ ... were calculated using a Monte Carlo code which models the
Th_e_sources of uncertalnty_lncluded counting _Stat'St'csscattering from V2 through the target to the V4 and SSD
and fitting, acceptance calculations, the normalization of th?jetectors. The V2 detector was used as it definedxtlye
INT trigger data, and biases introduced by the charge consigyy s of the beam immediately upstream of the target. Vec-
tency cuts. The correction for the finite thickness of the targe{oring information from the PSD’s was also used. The thresh-
also mvol\_/ed some uncertainty. Howevgr, for tﬁ.@_l old on the V4 detector was set to reject events in which a
cross sections the main source of uncertainty was in separq:}-agment with charge>~0.2%, struck the detector. This
ing the Zp—1 peak from the projectile peak. The problem ean; that leading fragments striking the V4 were rejected;

was especially pronounced for the target-out data. It is prip gy ever, the detector was not sensitive to the most common
marily this difficulty, rather than the increased counting UN-secondary fragments, i.e., protons angarticles.

certainties, that explains the rather large uncertainties for the 1,4 scattering in the target was determined using a com-

Zp—1 cross sections, as well as why they tended to be largster code which included a Goldhaljdss] approximation

est for the heaviest beam projectiles. _ with an added Coulomb scattering term. The scattering pro-
For the final uncertainty calculation, the thick target cal-4,,ces a distribution that depends on the mass of the frag-

culation was treated as a simple multiplicative correction,,ant To get a correction for a given fragment charge a

The uncertainties of the. thin target cross section_were fir%eighted average of the isotopes of that charge was used.

calculated using Eq4) with a background subtraction: The weights were provided by a cross section prediction

NEH2 T code supplied by Webber, Kish, and Schiig. The sensi-
o(P,2)== zZ "z (9) tivity of the final correction to variations in the isotope dis-
T ING™2 NE| tribution was investigated and found to be much less than

other sources of uncertainty.
The uncertainty for this initial cross section was deter- The magnitude of this acceptance correction depended on
mined using several factors: the mass of the beam, the beam energy, the
mass of the fragment, the-y distribution of beam projec-
ANEH2) 2 tiles (i.e., the beam tuneand the locations of the various
z ) detectors. For the majority of the fragments the correction
was quite small, 0—3 %. The correction only became signifi-
2 cant for the combination of light beam, low energy, and light
fragment. The uncertainties in the correction were typically
on the order of 30% of the size of the correction. As a rela-
tively extreme example, the correction applied to the nitro-
ANEON;O 2 gen Z=7) fragments produced by 377 MeV/nucletiNe
TIND)?Z (10 pr(_)jectiles was 1.0860.023. It was found dL_Jring the calcu-
P lations that the dominant source of uncertainty in the correc-

2
AT
[Aa(P,Z)F:(?o(P,a) +(Wt”2
LHonLHo\ 2
ANZ2NG™2

LH5\ 2
T(N™)

ANJ°
TN

tion was the uncertainty in the physical positions of the de-

This uncertainty was combined with that determined foriectors as determined by the survey performed after each run.
the thick target correction. The thick target uncertainty was

determined using a Monte Carlo technique, which deter-
mined the uncertainties due to the secondary cross sections,
which were not known precisely. This technique is described The cross sections that we report here, listed in Table |,
in detail in the Appendix. In general, the thick target correc-can give us some insight into the physics of fragmentation
tion was not a major source of uncertainty; typically thereactions in the range of projectile mass and energy studied.
fractional uncertainty was only increased by a few percentFor much heavier projectiles, a simple exponential depen-
In a few cases the uncertainty was increased by as much a@ence of the cross sections on the amount of charge lost is
15% of its value. seen(o~ae "*%) [12]. For projectiles in the mass range that
The final uncertainties were determined by formulatingwe have used, the situation is more complex. Perhaps the
the thick target correction as(P,Z)=Coay,,. The uncer- most important observation is that the internal nuclear struc-
tainty could then be calculated using the formula ture of the projectile and the fragment have a significant

IV. RESULTS AND INTERPRETATION
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TABLE |. Elemental production cross sections.

22Ne E=377 MeV/nucleon

22Ne E=581 MeV/nucleon

22Ne E=894 MeV/nucleon

Zs T oo Zs a [ Zs T oo

9 81.2 5.2 9 79.1 5.0 9 83.6 4.8
8 69.5 25 8 66.9 2.3 8 65.2 2.0
7 51.6 2.2 7 56.1 2.3 7 54.1 1.8
6 42.2 3.1 6 48.3 29 6 48.4 2.2
5 14.9 2.7 5 22.9 3.9 5 25.9 3.4

26Mg E=371 MeV/nucleon

26Mg E=576 MeV/nucleon

Zs o oo Zs T So

11 106.2 8.4 11 99.3 9.2
10 81.0 4.4 10 75.3 3.7
9 34.4 25 9 42.2 2.4
8 39.2 3.3 8 53.0 3.5
7 295 2.9 7 38.1 4.6
6 20.1 2.8 6 45.7 7.1

325 E=365 MEV/nucleon

325 E=571 MeV/nucleon

325 E=770 MeV/nucleon

Zs o oo Zs o So Zs o oo
15 75.0 8.6 15 77.3 10.0 15 79.9 13.7
14 111.3 4.9 14 112.2 3.8 14 103.5 3.9
13 58.3 3.2 13 62.8 2.6 13 56.6 2.7
12 63.7 3.6 12 75.4 2.9 12 68.8 2.9
11 30.7 2.6 11 36.5 1.9 11 36.4 2.2
10 27.6 2.7 10 36.0 2.0 10 38.8 2.4
9 9.8 2.2 9 15.0 1.8 9 16.7 2.9
8 16.5 3.1 8 27.2 3.4 8 27.4 4.3
36Ar E=361 MeV/nucleon 36Ar E=546 MeV/nucleon 36Ar E=765 MeV/nucleon
Zs o oo Zs o S0 Zs o oo
17 77.4 20.8 17 69.1 9.5 17 715 10.3
16 103.9 5.3 16 95.0 3.5 16 96.5 5.2
15 64.6 3.6 15 57.3 2.4 15 53.6 3.4
14 92.6 4.9 14 88.7 3.1 14 95.3 4.5
13 44.0 2.8 13 43.3 2.1 13 47.3 2.9
12 40.1 2.8 12 45.1 2.2 12 55.1 3.3
11 19.7 1.9 11 21.4 1.7 11 29.9 2.4
10 15.5 2.1 10 19.5 2.2 10 24.4 2.6
9 8.6 2.1 9 5.3 4.8 9 10.0 4.9

4OAr E=352 MeV/nucleon

Zs o oo
17 146.0 10.7
16 109.0 4.2
15 70.4 3.0
14 62.0 29
13 29.3 1.9
12 21.2 1.8
11 9.3 13
10 5.8 1.7
9 2.6 1.7
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TABLE I. (Continued.

49CcaE=357 MeV/nucleon 49CaE=565 MeV/nucleon 4%CaE=763 MeV/nucleon
Zs o oo Zs o oo Zs o oo
19 70.5 15.8 19 63.7 10.3 19 88.3 14.5
18 108.0 3.8 18 99.6 3.2 18 98.9 2.9
17 66.0 2.8 17 61.0 2.3 17 61.9 2.2
16 85.3 3.3 16 83.8 2.9 16 80.7 2.5
15 459 25 15 47.3 2.1 15 48.8 1.8
14 50.7 2.8 14 63.9 2.9 14 69.1 2.1
13 25.1 2.0 13 31.8 1.8 13 36.3 1.6
12 17.9 2.0 12 29.9 2.0 12 36.8 1.7
11 6.7 1.6 11 13.4 15 11 18.8 1.6
10 5.8 1.9 10 10.8 2.5 10 15.8 2.2
52Cr E=343 MeV/nucleon 58Ni E=338 MeV/nucleon
Zs T oo Zs o oo
23 174.0 24.0 27 115.3 23.6
22 126.4 4.8 26 140.6 7.5
21 79.7 3.3 25 109.7 5.9
20 64.6 2.8 24 104.8 5.6
19 35.3 2.0 23 61.5 4.7
18 26.1 1.8 22 52.0 3.7
17 12.8 1.7 21 31.3 3.1
16 9.7 1.6 20 16.2 4.0
15 5.7 1.3 19 10.0 3.0
14 1.9 1.5 18 4.3 2.8
13 1.1 -1.1+1.3 17 2.5 2.0
12 0.0 -0.0+1.4 16 1.7 -1.7+2.3
15 0.0 -0.0+2.2
14 0.0 -0.0+1.7

effect on the cross sections. In all, we see three differenfragments from°Ca; instead, it is approximately the same.
factors affecting the cross sections; the internal nuclear strudresumably this is due to the closed proton shell for oxygen
ture of the fragment, the isospin of the projectile (Z=8).
(T,=2Z—-A), and the interaction energy. These three factors We have found that the general trend of the elemental
interact in a rather complex manner. cross sections for a specific projectile depends most signifi-
The structure of the fragment can be seen most clearly ieantly on the isospin of the beam projectile. This can be seen
the strong odd-even variation shown in Fig. 5. We interpretlearly in Figs. 7a) and 7b), which compare the cross sec-
this variation as being due to the pairing force between théions from three projectiles with isospin of zefa) to two
protons in the fragmentl7]. This interpretation is supported projectiles withT,=—2 (b). The projectiles withT,=0 all
by the relative magnitudes of the pairing interaction, a fewshow a dramatic odd-even variation of the cross sections.
MeV per pair, and the total binding energy per nucleon,The T,=—2 projectiles, which have four more neutrons than
roughly 8 MeV/nucleon in the mass range in question. protons, show no odd-even effect. In addition there is a clear
A similar, but less dramatic, effect is due to the shelldifference in the rate at which the cross sections decrease
structure of the fragment. A close examination of the crosswith increasing charge change. Thg=—2 projectiles show
sections reported here and elsewhere shows effects due to theapid, roughly exponential, dropoff. In contrast fhe=0
closed shell aZ=8 and the closedl;;, subshell atZz=14. projectiles show a roughly linear decrease. The behavior of
Since we are considering elemental cross sections, only thtbe T,=—2 projectiles is similar to the roughly exponential
proton shell structure is visible. The effect of the sub-shell adependence that is seen for much heavier projectiles regard-
Z=14 can be seen most clearly in Fig. 6, which shows thredess of their isospifl2]. It is apparent that the presence of
different energies of’Ar. The two higher energies are taken excess neutrons suppresses the odd-even effect. The presence
from Webber, Kish, and Schri¢8]. An enhanced production of excess neutrons, apparently, mitigates the effect of the
of silicon (Z=14) is observed at all energies, but is more proton pairing interaction which is presumed to cause the
pronounced at higher energies. Another indication of this beedd-even effect. The isospin of the projectile has also been
havior can be seen in Fig(a). The general trend of the cross seen, in other work, to affect the total charge changing cross
sections would indicate that theZ =8 cross section for oxy- section[18].
gen fragments fron?S projectiles should be significantly The behavior of thél ,=—1 projectiles is somewhat dif-
less than that for neon fragments frof¥Ar or magnesium ficult to characterize. This is due in part to the fact that only
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FIG. 5. Elemental production cross sections vs fragment charge [ —6— %05 @352MeV/nucleon
for three projectile energies 8fCa. The strong odd-even effect that P R
is typical for T,=0 projectiles is clear. The effect of projectile en- 5150  &° Cr@343MeV/nucleon
ergy is to increase the cross sections for the low charge fragments. £ I (b) ]
S i
5 100
3 [
; 22 26 i A af B8N @
the lightest(““Ne and“°Mg) and heaviest*°Ni) of the pro- @
jectiles that we employed had an isospin-o1. The cross g 50
sections from nickel seem to show an intermediate behavior ;
when compared to th€,=0 and—2 projectiles. There is a i
reduced odd-even effect from that of tlie=0 projectiles, 0 0 > 4 5 8 10 !
and the decrease in the cross sections is less rapid than for Charge change

theT'I;]Ze er?e?égjeoitll'[ise. beam projectile also influences th FIG. 7. Elemental production cross sections vs fragment charge
cross sections and the odd-even effect. As can be seenin F(i? .rthree projectiles W.itﬁ.zzo a.nd roughly the same ener(p) are
5, increasing the projectile energy causes an increase in tq mpared to two projectiles with, =2 (b). The strong effect of

! . . ﬁe isospin of the projectile can be clearly seen. The difference
cross sections for large charge changes. Previous y&jrk betweerPAr and “CAr is quite dramatic.

has shown a decrease in the cross sections for small charge
changes with increasing energy. There are some indicatioqﬁ . : « »
at an increase in energy would “wash out” any structural

of this for some projectiles in our data, specificafAr. . ff her th . h
Also, at large charge changes, the odd-even effect is morg Paifing € ects, rather than accentuating them.
’ ' As the purpose of this experiment is to explore cross sec-

ﬁ]rgrr;;%i?r?e?hfeor rg'.gezglreeenneg?'esél ;A‘OS n?gﬂegeef?:(ig gLeFl[%' ﬁlons of astrophysical significance, we compare our results to
9 Proj gy hi%e two main computer codes that are used by astrophysicists

shell structure of the fragment more pronounced. This is . ;
L . o predict cross sections that have not been measured. The
somewhat counterintuitive result. It would seem more likely,.~ . o ' o
first is the long extant, and much modified, semiempirical

code by Silberberg and Tsd@8]. This is mainly based on

160 y T y T — cross sections obtained from proton bombardment experi-
140 352 MeV/nucleon 3 ments. More recently Webber, Kish, and Schifiét have
— & -521 MeV/nucleon ] introduced a parametric representation, based on cross sec-
’_g 120 | g, MeV/nucleon ] E tions from an experiment which also ider_1tifies _individual
< 100 E 3 fragmentg 8-10]. Both codes calculate the isotopic produc-
s . 3 tion cross sections; hence the values used here for compari-
S 80 e E son are simply the sum of the isotopic cross sections for each
. 60 L 3 element.
8 - 1 Figure 8 shows a direct comparison of the two predictions
° 40 3 to the cross sections listed in Table I. The diagonal line is
20 F ] Opredicted™ Tmeasured@Nd IS included to guide the eye. Both
i ] predictive techniques do reasonably well, although the Web-
0 8 10 12 14 16 18 ber et al. predictions seem to be better for the larger cross

Fragment Charge sections while the Silberberg and Tsao predictions are better
for the smallest cross sections. Figure 9 shows histograms of

FIG. 6. Elemental production cross sections vs fragment chargthe difference between the predicted and measured cross sec-
for three projectile energies 8fAr. The two higher energiepen  tions, divided by the measured cross section. Neither tech-
symbol3 are from Webber, Kish, and Schrigg]. The key feature is  hique consistently meets the 10% accuracy that is desired for
the enhancement @&=14. use in propagation calculations. However, since in some
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FIG. 8. Plots of measured vs predicted elemental cross sec-
tions for the techniques of Webber, Kish, and Schfigr (a) and
Silberberg and Tsa8] (b). The Webbeeet al. predictions are gen-
erally superior to those of Silberberg and Tsao for larger cross sec- The Collaboration thanks the LBL Bevalac staff for their
tions. support during the experiment. Thanks are also due to B.

Nilsen, I. Flores, S. Ko, C. Kuo, and J. Mazotta. Work sup-
cases the experimental uncertainty is greater than 10% this Rorted at Louisiana State University by NASA under Grant
not in all cases a definitive judgment. It should be noted thafNO- NAGW-1526 and by DOE under Grant No. DE-
the parametric fits used by Webber al. were based on a FGOS-ER 40147; at University of California, Berkeley by
data set that included several runs that were for the samdASA under Grant No. NGR 05-003-513; at University of
projectiles and similar energies to several of our runs. ~ Minnesota by NASA under Grant No. NAGW-2004; at

Lawrence Berkeley Laboratory in part by NASA under Grant

No. L14230C; at New Mexico State University by NASA

V. CONCLUSIONS under Grant No. NAGW-3022; and at UniversitaCatania

by INFN, lItaly.

For the range of projectile mass and energy under consid-
eration, A=22-58,E~300-900 MeV/nucleon, we can make
the following statements. The most important quantity in de-
termining the overall behavior of the elemental production In order to model the propagation through the target a
cross sections of a particular projectile nucleus is the isospisomewhat simplified setup was considered. It was in prin-
of that nucleus. Isospin is more important than either chargeiple necessary to consider all of the mass between the last
or mass. Significant nuclear structure effects have been seetfetector before the target, S2, and the first detector after the
The structure effects are modified by both the energy andarget, SSD. The “background” was all of this material ex-
isospin of the projectile. The cross sections for relativelycluding the liquid hydrogen. Although several materials were
large charge changes are dependent on the energy of tipgesent, the dominant contribution, in terms of interactions,
projectile, with higher energies yielding larger cross sectionscame from the titanium windows. In the computer model it
Any successful technique for predicting cross sections willwas assumed that all of the background was composed of
have to explicitly take account of the effects due to isospirtitanium and concentrated immediately in front of and be-
and nuclear structure. hind the liquid hydrogen. The other materials were not ig-
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nored, rather they were “replaced” in the model by the The weights W were the predicted cross sections
amount of titanium which would yield the same number of o(ZpAp,Z;A;). The secondary total cross sections for each
interactions. The mass dummy data were used to calculafeagment isotope were determined using the fornj@hen
the interaction rate in the background and the results weret al.[13], Eq. (12)].
applied to the LH target data.

The production of specific fragment nuclei within the tar- A 112
get is described by Eq$l) and (2) in the main text. When Trotal A) = wré{AllS— (—) —1,3} . (A5)

) ) X . 2rg) A

performing a numerical solution to E¢l) the appropriate

equation was
Here A was the mass of the fragmernt,was an energy

dependent parameter whose values are listed in [R&}.
Table V, andrj is 1.35 fm. The secondary cross section for a
given charge was determined by performing a weighted av-
+A(Z,i)2 N;(i—1)Axo(],2). (A1) erage over the isotopes, using predicted isotopic cross sec-
>z tions[1] as weights. They were then normalized to the mea-
sured total cross section using the value
N=on(Ap)/op(Ap), Whereo(Ap) was the measured total
i . and a,(Ap) was the predicted total cross section using the
Np(i)=Np(i =1)[1—AX0 ol P) ] (A2)  weighted average of the results from Edq).
The secondary cross sections for the mass dummy were
ndled slightly differently than those for the LHSince the
antity of interest was the number of fragments created or
stroyed, the “cross sections” for the mass dumfand
H, backgroungl were determined and used as fractions.

Nz(i1)=A(Z,1)Np(i —1)Ax0(P,Z) —Nz(i — 1) AX 0o Z)

The quantityNp(i) was determined using the relation

whereNp(0) was the known number of projectiles entering ha
the target. Heré\x is the thickness of the slab amd(Z,i)

was the appropriate acceptance correction for the charge arﬁ
slab. It was not precisely correct to apply the same value t%

the secondary interactions as to the primaries; however, t his eliminated the necessity of determining a “target thick-

e oo g o Y=o the mass durmy. The seconcay clementlcross
y P ' ections were derived from Webber, Kish, and Schiigr

slabs, and one for the last 50. This was due to the concen-

tration of the mass in the background just before and aftePred'CtlonS fo_r hydrogen by norr_nallzmg them \.N'th the ratio
d of the respective total cross sections. The predicted target-out
the hydrogen. The acceptance correction for the hydroge

slabs was varied linearly between these two values. TypiFOtaI cross sections were determined fri@henet al. [13),

cally, the difference betweeA(Z,1) andA(Z,100) was on Eq. (1D)]

the order of 5%.
Trowal Ap) = mr §(AY+ AFP—b)2. (A6)

A(Z,1)=A(Z,1), i<50, mass dummy,
Here the overlap parametér was 0.97 for beam energies
A(Z,i)=A(Z,100, i>50, mass dummy, less than 400 MeV/nucleon and 0.83 otherwise. The value
A was chosen to be 48 as titanium was the main component
A(Z,i)=A(Z,)+(i—1)[A(Z,100—-A(Z,1)]/100, LH,. of the mass dummy. A weighted average and normalization
(A3)  procedure similar to that for the LHwvas then performed.
The main difference was that the mass dummy secondary

The quantitiesy(P,Z) were varied until the final number 4 cross sections were normalized to the percentage inter-
of fragments N(100), matched that observed for the mass ;¢tions of the beam as listed in Chenal. [13], Table III.

dummy data. It was the quantityz(100)Np(0) that was The procedure for determining the thick target cross sec-
compared to the measuréty/Np . tions was a two-step iterative approach. A set of initial cross
_ The cross sections for the mass dummy were then helde(ions was used to propagate a number of beam particles
fixed and the process was repeated for the full target. Thﬁhrough the target. This was done by dividing the target into
beam was propagated through 50 slabs of background, theyyg sjaps and doing a simple thin target calculation for each.
100 slabs of hydrogen, then the remaining 50 slabs of backrhe resulting number of fragments was then compared to the

ground. measured values. The initial values of the cross sections were

_ The values adopted for the secondary elemental cross segjen adjusted until the calculated number of each species of
tions were derived from isotopic cross sections predicted b¥ragment matched the measured number.

Webberet al. The secondary cross sections were held in an  The uncertainties were calculated using a Monte Carlo

array o(Z,,Z). These were determined separately for eachg hnique. This was done by randomly varying the secondary
projectile, and consisted of the sum of isotopic cross sectiongross sections and repeating the above calculation. The cal-
for Z,, with a weighted average over the isotopesZef culation was repeated 100 times with different sets of sec-
o(21,Z,) ond_ary cross sections, and the rms deviat_ion of the final cor-
' rection was taken as the uncertainty. This assumed a 10%
uncertainty for the secondary total cross sections, and a 50%
W(ZlAl)AE 0(Z1A1,25R;) | uncertainty for the secondary elemental cross sections. These
2 numbers were chosen to overestimate, rather than underesti-
(A4) mate, the final uncertainties.

%

B ( EAlW<zlA1>) 5
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