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Fragmentation of relativistic gold by various target nuclei
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We have studied the interactions of gold nué@i\u at eight different energies between 0.9 andAl®BeV,
in targets ranging in mass from hydrogen to lead. This paper combines the results of these studies with earlier
measurements at higher and lower energies. We discuss the production of fragments withZhatgesn 81
and 50. The systematic trends found have allowed us to improve previously developed empirical relations
which predict the cross sections in any target or energy for the production of fragments with<7G7.
Fragments with single and double charge pickup are observed in all targets at all energies. Fragments which
have lost a single charge represent a special case, due presumably to the effects of electromagnetic dissocia-
tion. The energy variations of the total cross sections and the approach with increasing energy to limiting
fragmentation are studied.

PACS numbeps): 25.75—q, 25.70.Kk, 27.80tw

[. INTRODUCTION but the total energy available in the center of mass. This may
well be true for central collisions, in which most or all of the
When relativistic gold nucle3’Au interact with target nucleons of both nuclei are involved. However, it does not

nuclei they frequently produce heavy fragments whoséPPear to be applicable in periphgral collisions of the sort
charge differs from that of the incident gold nucleus by aexpected to produce fragments with small charge loss. In

relativelv small amount. The primary motivation for these such collisions not all the nucleons will be involved and the
y ' P y energy per nucleon appears to be the significant parameter. It

studies was to determine the nuclear parameters needed {Qfy he shown in Sec. V C that the partial cross sections with
calculations of the propagation of very heavy cosmic rayheayy target nuclei for smait 5Z can be well represented
nuclei through interstellar and local matter. The productionpy a power-law dependence &nthe energy per nucleon, for

of nuclei with charges changed from that of the incidentE<4.0A GeV, which is not a function of the target mass.
projectile nucleussZ for +2< 6Z<—30, has been studied We have now completed a study of the production of
in this work, using projectile nuclei with energisbetween fragments by gold nuclei with eight different energies be-
0.9 and 4.0 GeV. Our experimental techniques do not al-tween 0.9 and 4.8 GeV, interacting in targets that range in
low us to study fragments with larger values|oZ|, multi- ~ Mass from hydrogen to lead. These results have established
fragmentation, or any details of the mass changes that occyhe excitation functions for this process and suggest that lim-
We have previously studied these interactions using simil Ing fragmentation is approached by AGeV, Sec. VA.

techniques at eneraies both lower and hiaher than those r he large number of partial cross sections measured in this
a g . ) 9 fork have allowed us to establish analytical fits to the varia-
ported herd1-6]. These earlier studies were based on dat

X X o Fions with 5Z, E, and At. These fits have been used to
obtained using projectiles of gold accelerated at the LBL;onstryct relations that can match the values of the measured
Bevalac to energiess1.0A GeV, and gold of 10AGeV at  cross sections with considerable accuracy and can predict
the Brookhaven Alternating Gradient SynchrotrohGS).  those that have not been measured, Secs. VB and VC. In
The 10.8\ GeV gold results were confirmed by the measure-this new study we observe fragments with=80, charge
ments of Hirzebructet al.[7] using quite different detectors. pickup, as befor¢4,6]. The improved statistics also provide
Large differences were found between the partial cross seelefinitive evidence for the direct production of thalliui,
tions for the production of each element(5Z,E,A7), =81, double-charge pickup, although with cross sections of
where A; is the target mass, at high and low energies. Aless than one mbarn.
main goal of this work was to study the form of the energy
dependence of these partial cross sections, and to attempt to
establish the energy at which limiting fragmentation was A schematic of the detector array is shown in Fig. 1. This
reached. It is frequently suggested that the significant reprearray is essentially similar to that used previously to study
sentation of the energy involved in nucleus-nucleus interacthe high-energy gold interactiori§]. The analysis is thus
tions should not be the energy per nucleon of the projectilealso very similar, apart from the additional steps taken to
ensure that the incident nuclei were indeed gold nuclei and
not fragments produced in the slabs of material placed in
*Present address: Washington University, St. Louis, Mis-front of the array to reduce the energy. Incident nuclei passed

II. EXPERIMENT

souri 63130. through a series of ion chambers and Cherenkov counters.
*Present address: Van de Graff Laboratory, Ohio State UniversityThe ion chambers in front of the targets served to ensure that

Columbus, Ohio 43210. the nuclei selected for analysis were incident gold nuclei, not
"Deceased. impurities in the beam, or fragments from interactions in the
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FIG. 1. Schematic of the detector array. lon chambers |I-8-4oare four gap parallel plate chambers filled with P10 gas. Cherenkov
counters C-0 and-1 contain radiators of Pilot 425 plastic mounted in light diffusion boxes. The multiwire proportional counters MW
to —2 have 1 mm wire spacing. The target holder can place any of the targets in the beam by remote command. Local and upstream
degraders were added as needed to reduce the beam energy. S-0 and S-1 were test detectors not used in this analysis.

energy degraders. Those detectors mounted behind the tamuld then be combined, since there were no significant
gets determined the charges of the nuclei that emerged; dbng-term drifts in the responses of any of the detectors.
ther fragments from interactions in the target material, or One of the most important characteristics of experiments
surviving gold nuclei. Details of the detectors and the gensuch as these is the degree of charge resolution obtained.
eral analysis have been described previo(i2|g]. Figure 2 shows an individual charge spectrum for the case of
The AGS delivered nuclei to the array with an initial en- 4.0A GeV gold nuclei in a polyethylene target. The charge
ergy of 4.0A GeV. Local lead and external copper degradergesolution achieved in each run can be expressed in terms of
were used to reduce the energy in the targets in a series tfie width of the gold peak, or the widths of the fragment
steps. The energy losses in the degraders were calculatpeéaks, measured in the detectors after the target. Table | lists
using expressions fatE/dx appropriate for high charge par- the resolutions obtained at each energy, averaged over all
ticles introduced by Ahleri9,10] and confirmed to within targets, and shows that they are sufficient to resolve the
2% by Waddingtonet al. [11]. Data on interactions were high-Z fragments almost completely. Even those wil
taken at energieBy.,0f 4.0, 3.3, 2.7, 2.4, 2.0, 1.6, 1.2, and = =1 can be clearly distinguished from the large gold peak.
0.92A GeV. Energies were reduced from 4.0 to 2GeV  Fragments withZ<—20 show reduced resolution due to
by using local degraders placed immediately in front of thethe confusing effects of multiple fragments from a single
first detectors. These local degraders were then replaced figteraction, but can still be resolved down @ = — 30.
an external degrader placed in the beam line upstream to
reduce the energy incident on the array toA2&eV. The IIl. DETERMINATION OF TOTAL AND PARTIAL
majority of the fragments produced in this degrader were CROSS SECTIONS
swept out of the beam by downstream magnets before reach-
ing our array. Only those fragments with rigidities within ~ Each detector, aside from the hodoscopes, produced two
about 1% of that of the gold nuclei reached the array. Thes#dependent signals which should be identical, apart from
could be clearly identified and eliminated during the analy-
sis. Excellent agreement between the results obtained at 1.6x10°
2.0A GeV using either internal or external degraders, showed i 78T ]
that any effects due to the unavoidable presence of lighter i 77
unstable isotopes of gold in the degraded beams was negli-g ‘ 76
gible. Still lower energies were obtained by combining the ° 1000k 7
upstream degrader with additional local degraders. é’- i 60 ]
At each energy, separate runs were made to take data or-2 I ; i 80]
the interactions in targets of polyethylene ($Hcarbon, 2 ]
aluminum, copper, tin, and lead. The thicknesses of these®%
targets were chosen so that between 10 and 20% of theg 100 | ! E
incident nuclei would be expected to interact. In addition, g - ‘ ]
data were taken with no target present, to evaluate the back-z i ' |
ground corrections. Between3and 16 incident projectiles s ‘ '
were recorded for each energy and target combination, see 10
Table IV. Comparison of the results in the polyethylene and
carbon targets allowed a determination of the cross sections
in a pure hydrogen target. In practice, each set of runs was
cycled through several times in order to increase the statisti- F|G. 2. A charge spectrum for gold at AGeV interacting in a
cal weight and to ensure that complete sets had been oRBolyethylene target. The four thallium fragments in this data set are
tained before the experiment was terminated by outside fagiot visible on this plotsee Table IV. The gold peak has a maxi-
tors beyond our control. The results from these repeated runaum at 1.6< 10° nuclei.
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TABLE |. Detector resolution at various beam energies. Onethese selections was based on the signals in the ion chambers
standard deviation width is shown for the gold peaks and for thos¢n front of the target, 10 and 11. We accepted for further
peaks of fragments with-3=6Z=—7. The resolution for the  consideration only those events in which these signals, when
pickup peak is expected to be similar. combined, were within 2 standard deviations of the mean
signal for gold nuclei. This roughly corresponded to 0.4
charge units, depending on the energy of the particles. We

Gold energy Width of gold peak Width of fragment peaks

A GeV (in charge units (in charge units also selected for position in the hodoscope in front of the
0.92 0.148 0.188 target. The location of each event's trajectory was required to
1.2 0.132 0.141 be within the main beam spdthosen by inspection of his-

1.6 0.119 0.131 tograms of position, separately for each)imboth horizon-

2.0 (local) 0.112 0.124 tal and vertical coordinates. These selections ensure that es-
2.0 (upstream 0.111 0.124 sentially all the events studied involved incident gold nuclei
2.4 0.108 0.121 with the primary energy and mass defined at the accelerator’s
2.7 0.111 0.125 last bending magnet.

3.3 0.108 0.125 We used the hodoscope immediately in front of the target
4.0 0.106 0.125 holder to impose a cut on the time taken for the signals to

reach their peak values after the system trigger. The hodo-
scopes have the longest expected time to reach peak, and this
random fluctuations. For the ion chambers, these signalsut removed a small fraction of events in which the signals
come from two parallel layers of gas, and for the Cherenkowvere unusual, for example, events in which electronic noise
detectors from two interleaved groups of four phototubeshappened to trigger a single amplifier, or two particles en-
observing each radiator. We selected events for furthetered the detector array in a very short time interval. The vast
analysis where each pair of signals were within three stanmajority of events in this fraction were also excluded by
dard deviationgscaled with signal size compared to a gold other cuts.
signa) of each other. This ensured consistency between the The incident number of gold nuclei for the purpose of
two signals from each detector and eliminated those fewdetermining cross sections for charge change was defined as
events affected by noise spikes and other random fluctuahe number of events satisfying all of these selection criteria.
tions. We then selected a subset of these events by requiring that

The signals produced by gold nuclei in each detector didhe signals of the ion chamber in frofi2) and the sum of
show small temporal variations due to changes in gas tenthe signals of those behind the Cherenkov detedi8rs&ind
perature, voltage, and ambient magnetic figlfilem other  14) were consistent. Each was required to be a similar frac-
large experiments sited nearby in the beam)hBlhch signal  tion of the signal of gold, to within three standard deviations,
was corrected by a time-dependent factor based on the variar about 0.8 charge units, depending on the energy of the
tions in the mean of the peak signals of gold nuclei. Twoparticles. This selection removes virtually all of the events in
factors were determined, one for the ion chamber signals anghich a particle changed charge by more than one due to an
one for the Cherenkov signals. We determined these factoiligteraction in the material of the Cherenkov detector. It does
for each type of detector by selecting a sample of events fonot remove all of the events in which the charge changed by
which all the signals in the other type of detector were withinone.
two standard deviations of the peak gold signal. Then we We created a histogram of the remaining events as a func-
constructed a time series of histograms of signals in the intion of the weighted sum of the signals of the detectors be-
dividual detectors from each 18uccessive events. The peak hind the target. In order to find the number of nongold nuclei
signals in these histograms defined the variation of each sighat were created in the target and not in the material of the
nal with time. The ion chambers’ variations were dominateddetectors, we subtracted from each target's histogram a
by variations in the temperature and gas flow rate during thecaled histogram of a run with no target and a similar energy
runs, while the variations in the Cherenkov detectors werat the detectors. Finally, we obtained the number of events in
dominated by changing magnetic fields from other large aceach peak by a fit to a Gaussian distribution, e.g., see Fig. 2.
tive detectors in the experimental hall. These factors typi-This number is then the number of nuclei considered to have
cally varied from about 0.95 to 1.05. Periods during whichundergone a charge change in the target and to have under-
the factors varied abruptly were excluded from further analy-gone no further charge changes in the material of the detec-
Sis. tors.

The signals in the Cherenkov detectors were corrected by Two further corrections for such charge changes were
a factor corresponding to the thickness of the radiators at theecessary to obtain the cross section for interaction in a thin
particle location found with the hodoscope, MW-1, just in target. First, we multiplied the number of events by a factor
front of the detectors. This factor ranged from 0.994 toequal to the ratio of number of events with a signal corre-
1.006. No positional corrections were needed for the iorsponding to gold in the ion chambers in front of the Cheren-
chamber signals. kov detectors to the number of events with a signal corre-

In order to determine absolute values for the cross secsponding to gold in the ion chambers in back of the
tions we selected a subset of the total number of events th&herenkov detectors. This factor allows for the loss of gold
triggered our data collection system. The most important ofuclei that interact in the detectors. We used the result to
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7000 1 — J : TABLE Il. Values of constants from linear fits, E(®), to varia-
linear fits tions with energy of total cross sections for all targets.
60001 Target 3 (mb) * ¥ + X2
- Pb 6512 228 —172 92 0.43
| S000F Sn 5316 149 -81 59 0.62
2 Cu 4408 107 —48 42 0.47
2 000 Al 3399 57 -129 223 093
(9]
2 % C 2696 55 8.2 221 0.23
§ Al —x——F s % =3 CH, 1950 26 —7.4 10.7 1.08
g 00 e o e Y H 1577 48  -157 195 046
N4 A4 R 3 4
2000 CHe s o = - - . )
- Note that the earlier measurements at the Bevalac with
H O T ® E<0.92A GeV[1-3)] did not determine values &;. It can
1000 | 1 ? 1 be seen from these new results thatis essentially constant
0.0 1.0 2.0 3.0 4.0>10.6 for the lighter targets, but that for the heavier targets there is

Energy (A GeV)

a small but significant decrease Ky as E increases to

4.0AGeV. This decrease i; does not continue out to
FIG. 3. Total charge changing cross sectidisfor gold nuclei  10.6A GeV. Instead, there are increases, which are greatest
in all targets as a function of beam energy. Note break in energyor the heaviest targets. These increases at high energy could
scale between 4.0 and 10M\@5eV. Linear fits are shown for the pe attributed to the increasing importance of electromagnetic
values between 0.9 and 40GeV. dissociatiof EMD), which was discussed in some detail pre-
o ] ] viously by Geeret al. [6]. However, the increases for the
compute a prellmlnqry estimate of the cross sections for propegyiest targets appear to be larger than predicted by this
duction of nuclei with each value ofZ. Second, we per- egrlier analysis. For exampl&,p;, increases by about 1000
formed an iterative calculation to correct for those nucleimp petween 4.0 and 105GeV. whereas the analysis by
which suffered a subsequent charge-changing interaction igeeret al.[6] suggested that the contribution due to EMD at
the target. For this correction, we considered the thick targeig ea Gev was only 310 mb. This suggests that either the
as a stack of thin slabs, and calculated the number of EXiSti”&agnitude of the EMD contribution. which was based on
gold and fragment nuclei in each slab. We iterated the caly,quments involving factorization, has been underestimated,
culation, changing the preliminary cross sections until they,"that the nuclear cross sections increase with energy and
results matched the numbers leaving the target. mass number. Neither explanation is attractive and further
Due basically to the relatively thin targets and the excel-yata is needed to study this question in more detail.

lent charge resolution in all but the lowest energy runs, sys- Tnhe variation of,; with the mass number of the targbt
tematic uncertainties are in all cases significantly smallefs spown in Fig. 4. This figure shows all the data for each
than statistical. These systematic uncertainties are reduced Q}ﬁergy and power-law fits i, . Values for the two extreme
ensuring that the runs with no target had adequate statisticabses are shown. The dependence closely follows, but is not

weight.

IV. RESULTS

|

exactly equal to, al}®

relation. Such a relation would im-

T

. 7000 [ 7T o
A. Total cross sections €000 T = (1273212) % A 031320000
The total charge changing cross sectidiswere mea- & | (Weighted fitto 106 A GeV values)
sured at each energy and in each target. The cross sections i g
hydrogen were calculated from the carb@) and polyeth- Z 4000 |
ylene (CH) targets using the relation S
8 3000 |
2y=0.53%ch,—20), 1) 2
8 %, = (1233£26) * A 000D

noting thatECH2 is the averaged nuclear cross section for

CH,, defined as the cross section per molecule divided by 3.
The energy dependence Bf is shown in Fig. 3 for all

targets, together with linear fits between 0.9 and A ®eV

of the form

E:20_|'7"|Elz)ezam- (2

The values o2y and y are given in Table II.
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(weighted fit to 4.0 A GeV values)
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FIG. 4. Dependence of total charge changing cross sectigns
on target mass numbéy; . Power-law fits are shown to values at
10.6 and 4.\ GeV. Other energies are shown by dashed lines.
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Charge change ( I18Z1) Charge change (I18ZI)
FIG. 5. Partial cross sectionsin mb, for gold on a hydrogen FIG. 6. Partial cross sectionsin mb, for gold on a polyethyl-
target, as a function of charge charlgZ| at all available energies. ene target, as a function of charge changg| at all available
energies.

ply that3; depends on the impact parameter between the two
nuclei. However, it should be noted that this power-law re-these figures are the low-energy data from Cummigigal.
lation would not extrapolate correctly to a hydrogen target[2], and the high-energy data from Geetal. [6]. These

but would predict an value appreciably smaller than is meaplots are on log-log scales, with the new results shown as
sured. The good representation of the dependendeg-diy a  solid symbols and the previous data as open symbols. These
power law suggests that it is reasonable to predict the crogdots, while very busy, illustrate the general power-law na-
sections for projectiles other than gold by scaling byAdff  ture of the relation betweem and|5Z| for a relatively heavy
term, at least folA, values that are not too dissimilar from target like carbon, and the deviations from a power law for
that of gold. the lighter targets and the lower energies.

The effects of EMD on the cross sections at the highest Examination of Figs. 5—-7 show the considerable energy
energy, 10.8 GeV, can be removed following the same pro- dependence of, particularly for a hydrogen target. There
cedure adopted befof@]. These reductions make minimal are obviously very large changes for those fragments with
changes in the power-law fit ;. The power-law exponent |5Z|>10. However, theo’s for the production of these
at 10.8AGeV is reduced from 0.310.002 to 0.303
+0.002, which brings it into agreement with the exponent of L : —
0.299+0.007 at 4.8 GeV. | ®, Om-0557  —e—24

AN ~E-0915 —e—27
300 F @ N, —=—12 —+—33
B. Partial cross sections o
1. Hydrogen =
The hydrogen cross sections have been discussed in detal £
in a recent publicatioh8]. In that paper the emphasis was on § 100
the astrophysical significance of these cross sections to the'§ 80 [
problem of the propagation of heavy cosmic ray nuclei = 1
through the interstellar medium. Here we will concentrate on & 60
a comparison of the systematics of these cross sections witt® 40

those on heavier targets.

The elemental partial cross sectiomdor the production
of fragments withéZ from +2 to —30, were measured at
each energy and in each target. The valuesfor hydrogen 207
were then calculated using the partial cross section version of
Eqg. (1), with the appropriate values af measured in Ckl
and C.

The values ofr for negative values 0bZ at the different
energies as a function ¢6Z| for carbon, polyethylene, and FIG. 7. Partial cross sections in mb, for gold on a carbon
hydrogen targets are shown in Figs. 5—7. Also shown inarget, as a function of charge charjg&| at all available energies.

Charge change ( 16Z})
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FIG. 8. Partial cross sectionsin mb, for gold on a hydrogen Charge change ( I3ZI )
target, as a function of beam energy for different fragments with
| 6Z| between 1 and 10. FIG. 9. Partial cross sectiorsin mb, for gold on a lead target,

as a function of charge chanyéZ| at all available energies, listed
lighter fragments are all relatively small, and hence, com-in A GeV.
paratively unimportant to the propagation problem. The sig-
nificant o’s are those for the fragments witldZ|<10. The the prediction of partial cross sections for any target or en-
values ofo for each of thes&Z are shown as a function of ergy. These new relations are compared with those derived
the projectile energy in Fig. 8. A This figure shows that in previously[5] from a more limited data set. Since the major
general for smalldZ, oy, decreases with increasirig but  cross sections are fdwZ|<12 and since it is only these
that for largesZ, o reaches a maximum at an intermediatelarge fragments that are significant in propagation calcula-
energy. As might be expected, at low energies the productiotions, attention has been directed mainly to predicting the
of fragments decreases rapidly [@| increases. At higher production of these fragments.
energies, this effect becomes less important, armmhly de-
creases slowly akdZ| increases. For eachZ, o shows a A. Limiting fragmentation
dependence on energy that becomes less and less marked a
the energy increases, although for sop there is still a
indication of a small decrease between the two highest ene
gies. For most purposes, it is reasonable to assume that li
iting fragmentation has been reached byM@®@eV (see Sec.

VA). R(6Z,A1)= 019 6Z,A7) 0e(5Z, A1), ®)

We can study whether the regime of limiting fragmenta-
tion has been reached in this range of energies by looking at
{he changes in the cross sections between the two highest
n?—.\'nergies. Consider the ratio

2. Heavy targets where for each targdR is a function of6Z, ando g andog

The partial cross sections in heavy targets show similaP® the partial cross sections at #@eV and at a lower
features to those in carbon, Fig. 7. As an example, the varig€N€r9yE, for each value obZ. In the case that true limiting
tions of o with | 5Z| for the Pb target are shown in Fig. 9. In fragmentation has been established ByA GeV, R(52)
all the heavy targets there are good power-law relationship§h°U|d equal l..O within the experimental uncertainties for
betweeno and 6Z, at least forf 6Z| < 20. It can also be seen €ach target. Figure 10 shows a plot fé=4.0, 3.3, and
that, although there is a dependence on energy, it is much /A GeV, of the mean values dR averaged overZ=
less than that observed for the hydrogen targets. -1 to- 12 for each of the targets, together with the standard
deviations on these means. It can be seen that there may be
an apparent mass dependence(Rr With E=4A GeV, Ris
marginally less than unity for the lightest targets, while for

The large body of data that has now been collected on ththe heaviest targetdR) appears to be consistent with unity,
production of fragments in these relativistic interactions ofalthough with a large uncertainty. A& decreasesR be-
heavy nuclei in various target materials can be used to adsomes smaller, particularly for the lighter targets. Examina-
dress a number of interesting topics. The problem of whethetion of the variation ofR(E=4) with 6Z for a hydrogen
the regime of limiting fragmentation has been reached irtarget, shows that these deviations from unity for eazh
these experiments is discussed in the next section. The fokre small, Fig. 11. For lead it appears that the apparent in-
lowing sections discuss the derivation of relations allowingcrease irXR) is due to the high values d®(6Z=—-1) and

V. ANALYSIS
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= 1.2 } } B ® o5z--5
g E (A GeV) 1001 .'.QQ 0 8z=-10]]
- B 40 = o --Q"“--Q
@ 114 O 33 al Thelm o e
5 o 27 i % D B D §§§
£ 0. LI
2 I 2 i )
Z 1_00,5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, an 8 g
8 @
E o0 1 S
5 10lo :
S i 06 08 1 3
g 0.801 : n E A GeV
& 1 10 100 nergy (A GeV)
Target mass (A, ) FIG. 12. Partial cross sectiomsin mb, for gold on a hydrogen

target, for two values 06Z (—5 and—10) as a function of energy.
FIG. 10. Plot of the ratidr(10.6E), see Eq(3), averaged over Power-law fits of the type in Eq4) are shown for each section of
1=<|6Z|<12, between 10.6 and 4.0, 3.3, and R.GeV, as a func- the data.
tion of target mas#\r .
1. Hydrogen cross sections

R(6Z=—2), which can partially be attributed to the effects

of EMD at high energies. FoféZ|=3, the R values are gjowly from 1.0 to 1.3A GeV aséZ increases. Examples of

consistent with unity. . ~__ the relatively abrupt change in form seen in the hydrogen
It appears reasonable to conclude that, in general, limiting,yss sections are shown in Fig. 12 8= —5 and —10.
fragmentation has been reached between 4.0 andAG&V g, E.<E=<5.0 or for|8Z| <3, botho, andn can be repre-

for gold nuclei. sented as power laws ifZ of the form

For hydrogen andéZ|>3 it appears thaE. increases

B. Partial cross sections 00=(267+3)-|52Z|( 70530012 mp, (5)

The variations of the partial cross sections f& n=(—0.452+0.019 - | 57| (01430033 (6)
<5.0A GeV in all the targets and fd¥Z| <12, can be fitted ' ' '

by one or two power-law relations in energy, depending onat E<E_ and|5Z|=4, o, andn can both be represented by
the target andbZ: relations of the form

_ 0Z,
7(8Z,E,Ar) = 0(5Z,A7)-ENO2AT mb, (4) o= (359+ 14)- exp(| 6Z|(—0.217+0.009) mb, (7)

where oo(6Z,A7), is the value of the cross section at n=(4.79-0.29-In(| §Z|(0.26+0.009). (8)

1.0AGeV, andn(éZ,A7) is the exponent of the energy

variation. For a hydrogen target, these parameters also de- It can be seen that the change in behavior at the critical

pend on a critical energlf. representing a transition from a energy is drastic. The exponent of the energy dependence

positive to a negative exponent. varies from being positive at low energies to negative at
higher energies. In all the fits to the data and to the power-

. S E— — — law parameters there are acceptable valueg’dbr each of
T 14 + e ul] the individual fits. A comparison between all the measured
© t O pb] cross sections in hydrogen and those predicted from Egs.
;t L3+ %] + (4)—(8) is shown in Fig. 13. It is found that 80% of the
<+ a0 1 predictions are within 15% of the measured values. Alterna-
g - i % tively, 42% of the predictions are within one standard devia-
s T F 1 tion of the measured values and 74% are within two standard
5 1}--+ --------- # ---------- % rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 1 deviations.
o 0ot i For|5Z|>12 itis necessary to increake to 1.8A GeV in
g E + order to obtain acceptable power fits. HoFE_ there are
g 03¢ T drastic changes in the forms of baily andn from the values
R ok ; | | ; ; ; for lower 6Z. For example, Fig. 14 shows the exponent pa-

0 2 4 6 8 10 12 14 rametern at high energy, 4RGeV, as a function o5z,
Charge change ( I5Z! ) together with the fit fof 6Z| < 12.

A comparison of the results from these predictions and
FIG. 11. Values 0fR(10.6/4.0) as a function of charge change those obtained from the revised version derived in earlier
|6Z] in hydrogen and lead targets. work [5], shows that this new formalism is significantly bet-
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TABLE lll. Values of constants in Eqg9)—(14).
= Constant Value =  Constant Value +
g
~ o) 196 5 a —0.253 0.014
é 100 |- € 0.108 0.008 b —(0.6x107% (5x10°%
5 i 0 —0.788 0.017 c —0.143 0.034
2 T —-0.017 0.007 d (4x107%  (5%X10°%)
g
5
3 Finally, @ and 8 can be described by power laws A,
§ and y and y as linear relations i\ :
g 10+ s
p= r a(Ar)=¢- AT, (17
~ — B(A7)=13-At, (12
10 100
Predicted cross sections (mb) y(Ar)=a+Db-Ag, (13
FIG. 13. Comparison between measured partial cross sections of x(Ap)=c+d-Ar. (14)

gold in hydrogen foréZ between—1 and —12 and the values

predicted from Eqgs(4) to (8). The fitted values of these various constants with their un-

certainties are given in Table Il

ter at matching the available measured values. Using the Examination of these values shows thaty, and y are
present predictions, 91% of the values agree to within 20%mearly independent d&;. The resultant global fit to the data
of the measured values for<? §Z|<12. The previous for- is then given by
malism, which was limited to fewer energies but with more
projectile types, was only able to match 76% of a data set t0 ¢:(5Z,E,Aq) = ($AS) - | 5Z| PAT. E@+PAD- 82T iy
within 20%. (15

2. Heavy target cross sections Application of this global fit to all the available data for

For the targets heavier than hydrogen, it is not necessar2$|5Z| =12 and 0.5:E=10.6A GeV shows that the fit is a

to invoke a critical energy. All the cross sections for 2 é’ood repr_esentation of 'Fhe data. Figure 15 showsahistogram
<|6Z|<12 andE<5 OAGe\) for each target can be fitted of the ratio of the pred!cted to the measured cross sections
by one power Iaw. although with individual values of fo_r t_he 627 cross sections. 60% of all the predilct!ons are
’ 2 within 5% of the measured values, 88% are within 10%.
0(9Z,Ar) andn(dZ,Ar), similar to Eq.(4). The values of Alternatively, 65% of the predictions are within one standard
oo andn can in turn be described by power laws|BZ| of deviation of the measured values and 93% are within two

the form standard deviations. Given the uncertainties in the constants
of Table Ill, the predictions appear to be excellent. Note that
0o(6Z, A7) = a(Ar)-|6Z|FAD mb, ©  these predictionps are signifi(?;ntly better than those derived
above for the hydrogen target.
N(86Z,A7)=y(A7)-|8Z|¥AD. (10
50 o
0.2 —— —rt ’

[ o

cl r E 304
% -0.2—:— 1 §
g 0.4 ] + Z 9
E I

=% Q\L\i\ 10
= - B
@ 0.8 % 1 0-

0.7 0.8 0.9 1.0 1.1 1.2

Ratio; Predicted / measured

Charge change ( I15ZI ) FIG. 15. Histogram of ratio of predicted to measured partial
cross sections for all targets carbon and heavier. All energies
0.5A GeV and above, Z|6Z|<12. Note does not include values

for 6Z2=—-1.

FIG. 14. Values of exponent parameter from E4). as a func-
tion of charge changpsZ| for gold on hydrogen at 480GeV.
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F g y _
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Charge change ( I3Z! ) Ratio: predicted / measured

FIG. 16. Plot of ratio of predicted to measured cross sections for FIG. 17. Histogram of ratio of predicted to measured partial

gold on aluminum at 4@GeV, as a function of charge change Cross sections for all targets carbon and heavier. All energies
|62]. 0.5A GeV and above, 18|5Z|<20.

If we neglect those terms with small constants then C. Minus 1 cross sections

0.15 The cross sections for those fragments that have lost just
o(8Z,E,Ar)~ (196 AYY|5z| 08 E(029-52 mb. one charge are not well described by the global fit derived
(16) above. In general, the measured cross sections are signifi-
] ] cantly greater than those predicted. Examination of the cross
From this form we note that is only weakly dependent sections for each target as a function of energy, Fig. 18,
on Ar, but does show a clear dependence Bbrfor E  shows significant changes from the simple power-law rela-

<4.0A GeV when|5Z|<12. Thus tions at both the highest and lowest energies. At low energies
015 this presumably is a reflection of the lack of total energy

0(6Z,E,Ap) =AYt | 57| 08 oc g~ 02552 available to remove more than a single proton from the gold
nucleus. At high energy the effects of EMD become notice-

for E<4.0A GeV and 2<|§Z|<12. able[6]. In both cases these effects are largest for the heavi-

est targets, as could be expected.

The E dependence is not a function Af , showing that it
is not appropriate to consider the total energy in the center of D. Plus 1 cross sections
mass as an organizing variable in these peripheral interac-
tions.

If we attempt to extend this global fit to those cross sec-
tions for fragments with 5Z|>12 we find that there is a
reasonable representation f¢pZ|<20. An example is

In each run it was possible to identify a clear peakgbfg
nuclei, resulting from a single charge pickup, “plus 1's.” In
most runs it was also possible to distinguish a small number

shown in Fig. 16 for Al at 4.8 GeV. Clearly, the predictions 400 (o7 T—— ; . ———
seriously underestimate the cross sectiongdd@f>20. This ~ ~ " | [weC 0 AL o o —5—sn +Pb‘
must at least be partially due to the effects of fission of the E o}
gold nuclei, which has been shown to be strongly energyﬁ 600 %
dependenf12]. Symmetric fission(40,39 results in an ap- ;  so0} G

parent fragment with6Z~ —23, while asymmetric fission N y
(20,59 appears apZ~—17. Such events will increase the & 400 *}
apparent cross sections and result in the measured cross se“’;
tions being larger than those for the production of a single S 300 |
fragment. Examination of Fig. 7 shows the increasing crosso
sections in carbon fofsZ| in the low 20’s that reflect the
effects of fission. However, even fp6Z|<20 the global fit

is not as satisfactory as for the loweiZ| values. Figure 17
shows a histogram of the ratio of the predicted to measurec ‘ |
cross sections for X3|8Z|<20, for all heavy targets and 1.0 10
energies. There is a consistent underestimation of the cros Energy (A GeV)

sections by rather less than 10% on average. Since these

cross sections are small compared to those for spZ|, a FIG. 18. Partial cross sections f6Z=—1 in heavy targets, as
failure to predict them as precisely is unlikely to have anya function of energy. Values for each target are connected to guide
significant effects on propagation calculations. the eye.

200

Cross sect
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60 ' targ!ets 60 e 12 e 20 et 27 el 40 |
I i e CH e 16 e 24 0er 33 o 10.6
50| + 2 50 .
o ¢ energies (AGeV) "‘2:5:%::"
o 40 o Al = G
é B Cu g/
@ | A Sn a
~§ 30 % i % % e Pb .§
2 20} ¢ % 2
Q ] o
§ t i 5
10+ i 4 ‘ e
9 . L } T T
1 10 10 100
Projectile energy (A GeV) Target mass number (A )
FIG. 19. Cross sections, in mb, for the productiongfg nuclei FIG. 20. Cross sections, in mb, for the productiopgfg nuclei
from 16Au nuclei in all targets, as a function of energy. from ;6Au nuclei at various energies, as a function of target mass

numberA. Power-law fits of the type of Eq17) are shown at each

of g,Tl nuclei, double-charge pickup, “plus 2’s.” The one €neray
exception was for the runs at 0R%eV, which had the
worst charge resolution. The numbers of Hg and Tl frag- The earlier high-energy results were found to be well fit-

ments detected in all the runs wii>1.0A GeV are givenin  ted by a power-law dependence on the target mass number
Table 1V, together with the cross sections deduced for they. of the form

production of Hg after allowing for interactions in the lower

detectors. The numbers of Tl nuclei that could be expected o 1= u(A7)"“ a7

from secondary interactions of Hg nuclei in the targets were

calculated assumed that the cross sections for producing Tl

from Hg was the same as that for producing Hg from Au.|n these previous fits, values for a hydrogen target deduced
Between 10 and 20 % of the observed Tl nuclei could havérom the cross sections in carbon and polyethylene were in-
been produced in such successive pickup interactions. Thguded. In the present analysis, we have confined our results
clear excess of observed Tl nuclei over the estimates fofg the directly measured cross sections. The results of power-
secondary production indicated that there must be a mechgsy fits, weighted by the experimental uncertainties, are

nism for the direct production of nuclei that gain two chargesshown in Fig. 20. Here the cross sections are plotted as a

in an interaction. : : . : ;
X . _ . function of A; for eight different energies of the gold nuclei.
Our previous studies of charge picki,6] involved a The values of the exponent coefficientand intercept coef-
mficient,u for the plus 1's are shown as a function of energy in

one series of runs using gold nuclei with 18.6eV, was Figs. 21a) and 21b). The intercepju is seen to fall steadily

confined to energies of less than AGeV. These new re- =" .

sults are limited to a single projectile, but cover a range oiw'th Increasing energy between 1 and Afev fand then

energies between those previously available. In addition, thB6c0me essentially constant at higher energies, although

targets used cover a wider range than was generally us¢g€e may be a slow decrease with energy. The power depen-

previously. dencecx is consistent, within the uncertainties, with being
The variation of these cross sections with energy is illus.constant with energy, and reflects a rather weak dependence

trated in Fig. 19, which shows all the data obtained in thison At . It should be noted that this constancy was not appar-

experiment, together with the previous high-energy results. €Nt at energies less than A.GeV [3], where x decreased

can be seen that the cross sections decrease quite rapidiarply and a power-law fit became less satisfactory. The fits

with increasing energy between 1.2 and AGeV, and then 10 the data reported here had redugédvalues with a mean

appear to become almost constant up tM3&V. This fall ~ 0f 1.09, showing that a power representation is acceptable. It

in the cross sections with increasing energy is consistent withas been suggest¢d2,13 that these cross sections should

that reported for the pickup cross sections 8% [12]. instead be fitted by a linear relation of the form

There is apparently a further small, but significant decrease

in the cross sections between 4.0 and 1®®eV. Since the

total charge changing cross sections are almost constant, the o 1= AP+ AP 0.75 AT P+ AL )] (18

fraction of interactions producing Hg nuclei shows a similar

energy dependence to that seen in Fig. 19. This fraction var-

ies between 1.35 and 0.3 %, being highest in polyethyleneriginally proposed to represent single nucleon removal in-

and least in lead. In addition, it is clear that the cross sectionteractiong 11]. However, applying Eq(18) leads to reduced

do depend on the mass number of the target. x? values with a mean of 2.83, showing that it is not as good
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TABLE IV. Numbers of incident gold and produced mercury and thallium nuclei in each target at each
energy. Also percentage ratios of Hg/Au nuclei and cross sections for production of Hg.

Mercury Thallium

Energy Gold 8Z=+1 Mercury/gold 8Z=+2 Mercury
Target (A GeV) Z=179 Z2=80 % Z=81 (mb)
CH2 0.92 549 865 2246 0.408 15 46.2.7
CH2 1.2 677551 1810 0.267 11 26:8.2
CH2 1.6 606 394 1329 0.219 15 2¥6.1
CH2 2 1016661 1792 0.176 11 1£5.4
CH2 2.4 653 505 890 0.136 3 1348.3
CH2 2.7 510195 704 0.138 6 1331.2
CH2 3.3 208 545 286 0.137 3 132.2
CH2 4 758 697 1003 0.132 4 13@.7
C 0.92 265343 535 0.202 3 3548.0
C 1.2 332145 539 0.162 3 284.0
C 1.6 291779 519 0.178 3 312.6
C 2 607 879 756 0.124 11 21%.8
C 2.4 350532 381 0.109 2 19:1.9
C 2.7 244 360 233 0.095 0 16:2.8
C 3.3 233817 225 0.096 1 162.4
C 4 388740 366 0.094 3 16t3.7
Al 0.92 42 660 136 0.319 3 48473.6
Al 1.2 216 822 434 0.200 4 3055.7
Al 1.6 490641 926 0.189 9 28181.7
Al 2 200126 309 0.154 3 23:62.1
Al 2.4 164 246 193 0.118 1 1842.6
Al 2.7 188591 216 0.115 1 17453.2
Al 3.3 152519 164 0.108 2 16:45.0
Al 4 288463 299 0.104 6 15195.2
Cu 0.92 282294 556 0.197 3 693.5
Cu 1.2 404 781 496 0.123 3 432.1
Cu 1.6 357 277 376 0.105 3 37@.4
Cu 2 354919 298 0.084 0 2953.0
Cu 2.4 390826 306 0.078 1 27-63.6
Cu 2.7 311719 219 0.070 2 24°4.2
Cu 3.3 280340 169 0.060 0 2¥2.6
Cu 4 470655 336 0.071 2 25t .2
Sn 0.92 341775 791 0.231 1 122.9.3
Sn 1.2 508 699 444 0.087 4 46:3.2
Sn 1.6 969 544 789 0.081 6 433.7
Sn 2 183827 96 0.052 0 2rn.4
Sn 2.4 575610 392 0.068 4 36:4.8
Sn 2.7 467 333 262 0.056 2 292.2
Sn 3.3 374170 218 0.058 4 36:2.3
Sn 4 602 846 306 0.051 1 27B.0
Pb 0.92 337026 614 0.182 3 145.8.0
Pb 1.2 564 934 360 0.064 1 5&:8.5
Pb 1.6 535712 368 0.069 1 548 .4
Pb 2 545319 343 0.063 5 50:2.9
Pb 2.4 637275 266 0.042 1 334.9
Pb 2.7 548 070 213 0.039 2 3x@.7
Pb 3.3 455235 167 0.037 3 29:3.1
Pb 4 481736 176 0.037 1 2923
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—_ FIG. 22. Cross sections, in mb, for the productiorydfl nuclei
fﬁ I from ;6Au nuclei at various energies, as a function of target mass
= 0251 average L numberA% .
bl led Lo |
R o = D S PSSP SSIPOEI high energy do not appear to be fully accounted for by
e ool l ] simple EMD arguments. The variation of the cross sections
4 1 T with target mass number appear to scale slightly less rapidly
£ than the one-third power that would be expected.
I The partial cross sections results obtained here and previ-
0.15 : ously, have been used to derive new expressions for the
1 10 e ; ; ;
variations with energy and mass. These expressions are dif-
(b) Energy of gold nuclei (A GeV) 9y P

ferent for hydrogen and heavier targets, but provide better
FIG. 21. (a) Values of intercepty and(b) exponentx, from Eq. fits to the_ measured data than previous expressions. At t_he

(17) for charge pickup as a function of energy. present time these expression represent the best possible

means of predicting those unmeasured cross sections that are

gquired in calculations of the effects of interstellar propaga-

a representation of the data in this energy range as a SimpLon on the abundance of the heaviest UH cosmic ray nuclei
power law. [14]

The nature of the pickup nuclei is not well defined in this
E. Plus 2 cross sections experiment. We know that they are stable enough to survive
Small numbers ofy,TI nuclei, plus 2's, have been ob- the transit of the charge measuring section of the detector

served. The cross sections for the production of these nucl@Tay- At these energies this only places a lower limit on the
are less than 1.0 mb. It has only been possible to detect '{etime of about 10°s. While we have not measured the
significant number of these rare nuclei due to the larger num1@SS numbers, previous studies at lower energies suggest
ber of interactions that were obtained during these latest rurf§iat typically there is significant mass loss. The simplest pro-
at the AGS. cess would be the transformation of one or two neutrons to
The cross sections were determined using the same prérotons, formingg™Hg or 3T1. Both these nuclei have quite
cedures as for the plus 1 cross sections, and corrected for tﬁgegyate lifetimes to traverse the detector array. In the case
small probability of two interactions resulting in double ©f ~'Hg the nuclei would be stable so long as they were
single charge pickup. The resulting cross sections are plottegffiPPed, since the decay is By capture with insufficient
in Fig. 22 as a function of the target mass. The large uncet€nergy to allow alternative positron decay. If additional neu-
tainties prevent any meaningful analysis of trends but it apirons are lost during the_lnteractlons then long lived, or even
pears that there is a general tendency for the cross sections$&ble, e.g.”*™Hg, nuclei of Hg and Tl can be formed. An
increase withA, which is consistent with the results found €xperiment to measure the masses of these pickup nuclei, or

for the plus 1's. the numbers of associated neutrons produced during their
formation, would help to define the processes that produce
VI. SUMMARY AND DISCUSSION them.

The original motivation for these experiments was to

We have determined the total charge changing cross sestudy the astrophysical implications of the production of
tions for gold nuclei interacting in a wide range of targetsfragments during the propagation of heavy cosmic ray nuclei

over energies between 0.9 and 18.6eV. These cross sec- through interstellar and local matter. It seems unlikely that
tions show little if any dependence on energy except for thehese pickup processes will be significant to these studies,
heaviest targets and at the highest energy. The increasessitce the cross sections are so small and the nuclei are prob-
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