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ABSTRACT

12

The 0-degree fragmentation products of 1()O and "°C at 2.1 -GeV/n

and 12C at 1.05 -GeV/n have been measured for targets ranging from
H to Pb. We present a total of 464 partial-production cross sections
for 35 isotopes. The cross sections are energy independent and can be

factored into beam-fragment and target terms. The target factor,

. .
miAT°, and other cvidence, imply the isotopes are produced in peripheral

interactions.
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We have measured at the Bevatron the single-particle inclusive spectra

of all isotope fragments of 16O and 12C at 2.10 GeV/n and of 12C at 1.05 GeV/n. v

The targets were Be, CHZ’ C, Al, Cu, Ag, and Pb. The hydrogen target data were P
obtained by CH2<C subtraction. The measurements were limited to secondaries
produced within a +12.5 mr cone about O-deg from the direétion of the primary
beam. Secondary momenta were limited to rigidities (pc/Ze) less than 9 GV.

All secondarics with lifetimes greater than 10_8 seconds and production cross
sections greater than 10ub were observed. The spectrometer systeml’2 resolved
charge, mass, and momentum for all secondaries at any given spectrometer
rigidity setting.

The observed longitudinal and transverse momentum spectra of the isotope
fragments, when transformed to the projectile rest frame, have Gaussian distri-
butions centered near 0-MeV/c, with standard deviations (S.D) ~60-200 MeV/c.

The cross sections presented in Table I were obtained by integrating these
momentum distributions. Since the observed fragments were confined to a

12.5 mr cone, it was necessary to extrapolate the transverse momentum distri-
butions to obtain total partial cross sections. Except for the Z& 2 fragments,
the 12.5 mr region accounted for 70%-100% of the total cross sections. Both
observed momentum systematics2 and measured angular distributions in nuclear
emulsion3 give confidence in this extrapolation for A > 2 secondaries. The
proton momentum distribution is non-Gaussian and no attempt was made to extra-
polate this Qistribution to estimate total production cross sections. The cross
sections are corrected for beam and secondary fragmentation in the targets,

vacuum windows, and scintillators, as well as for interactions in the Si(Li)

SR

detectors. Corrections are made for focus, geometry, misalignment, and multiple
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secondaries with the same rigidity. Focus, solid angle, and target-loss

errors give a base 4-8% systematic error which is included in Table I 4
errors. The momentum distributions show the cross sgctions ogT, where.beam

B interacts with target T to produce'fragment F, are measurements of fragments
of the projectile, and not fragments of the target. No fragments were observed
with velocities much less than beam velocity. No nucleon-pickup isotopes were
observed. Betwéen 30% (Pb target) aﬁd 90% (H target) of all beam charge is

accounted for in Table I oF

BT The missing charge is principally in large

momentum transfer protons.

The ogT, fpf a hydrogen target, can be compared with cross sections of
proton-nucleus interactions at high energies. At proton energies > 600 MeV,
42 measured cross éections for 15 different secondaries have been compiled.s’6
Comparing Table 1 data with the proton measurements, 24 are within 1 S.D.,
9 are witﬁin 1-2 §.D., 7 are 2;3 S.D., and 2 are 3-4 S.D. The two cross

section measurements 3-4 S.D. from our data are p + 16O > 10C + --- at Tp= 1 GeV

and p + 160 > 10Be'+ --- at 600 MeV. Comparison of ouf results can also be
made with the semi-empirical model by Silberberg and,Téaos, which is based on
the proton-nucleus data set mentioned above. vWe find the experimental values
ogT above 1 mb listed in Table I are greater than those given by the Silberberg

and Tsao model by an average of 22%, with a S.D. of 37%.

Target factorization is expected both from high energy phenomenology

. . . .10
and from an impulse approximation model of nuclear fragmentation. We observe -

that the cross sections can be factored, OET = yg Yoo where Yg depends on the
projectile and fragment and Y is the target factor (Fig.1l). This result
confirms, and significantly extends, the first experiments on the fragmentation

of relativistic nuclei.11 The exceptions to strict factorization are: 1) YT

WM N

T
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for a hydrogen target has a weak dependence on the mass of fragment

AF’ i.e., yT(H) = 0.66 + 0.028 AF; and 2) Yo for single-nucleon stripping

is enchanced for heavy targets. The cross sections for single-nucleon loss
on the heavier targets include a component for Coulomb dissociation, via the -
giant dipole resonance, in the target's virtual photon field. The Coulomb
dissociation part of the cross sections can be computed and subtracted from
the measured OgT . The resultant cross sections are consistent with the target
factors given in Table I. The target factors fit the data with a confidence
level of 0.6, and can be approximately fitted by the expression

b 1/3 1/3 : s
YT=AT or cht(AB + AT -1.6). Both formulations for Yp indicate the
cross sections we observe are produced by peripheral interactions with the
target. Neither formulation for Y explains the observed structure, however,
particularly the result YT(Be) > YT(C).

Although ATI{1 generally fits the observed data to within 10%, the con-
fidence level for this hypothesis is less than 10_9. An accurate fit to the
target factor is obtained by the expression Yp = kt" (rT+b) where Iy is the
measured half-density electric-charge radius and t is the measured charge
skin thickness of the target.13 The three fitted variables are: the
exponent n = 0.5, b=3.0 fm, and normalizing constant k=0.26. This formula
reproduces the structure in the mean target factor to an accuracy better
than 2% and with a confidence level of 0.9, a great improvement over the A%
hypothesis. Since OET factors and the momenta distributions are target
independent,2 the partial differential cross sections factor ;- a result

expected by limiting fragmentation models. Whether Yo contains beam-dependent _ i

terms, e.g., the sum of the radii of the beam and target nuclei, as suggested

INTE

above, cannot be determined with the present data.
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The energy dependence of isotope production can be examined by

‘

1) comparing GLT, Table I, for the two 12C—beam energies, and 2) comparing :

O;T with values from Ref. 5§ § 6, measured at different energies. The
carbon data for all fragments are energy independent between 1.05 and
2.10 GeV/n with a confidence level of 0.8. The error-weighted mean ratio ,

OET (2.10)/oET(1.05) = 1.01 + 0.01. We have already ﬁentioned comparison of )
OF
BT’

and the agreement was generally good for energies 600 MeV/n and above. Energy

for both 12C and 16O projectiles with previouslyvmeasured target data

independence of ch, above some energy threshold, is another result expected
from high energy phenomenology. A comparison of OgT for the same fragments
and targets but different beams, 16O and 12C, shows, in general, a weak beam
dependence in the production cross sections of all fragments in common, as
long as a charge-exchunge reaction is not neéessary. The ratio
OET(16O)/GET(12C)=O.4—1.35, even though the individual‘cross sections vary over
three orders of magnitude. It is noteworthy that more than 40% of the ratios
are in the interval 1.0 + 0.15.

Production cross sections for mirror nuclei should give insight into the
mechanisms which produce the observed final state. A simple evaporation model
would preferentially evaporate neutrons resulting in oN/op < 1, where oN/oP is
the ratio of the production cross sections for mirror fragments, neutron rich
to proton rich, of the same beam and target. Likewise, if a neutron skin extends
beyond the proton surface, a stripping process would also result in oN/cP < 1.

We observe that, to the contrary, 1.0< cN/op < 4.1, with most values of the ratio

being in the interval 1.1 to 1.7. That oN/cP>l is indicative of the effects of

SR

the binding energy of the final state fragment. For example, inspection of the

F . .
MiUSS excess vs Opr for isobars shows the fragment with the lower mass excess has
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the higher production cross section. This dominance of final state structure

in OET complicates the choice of any simple mechanism describing the interaction ..
process.
F 2 d
The patterns observed in Opr and in the momentum distributions” indicate

simplicity in the peripheral fragmentation process. Target factorization, energy
independence, and small transverse momenta are observed features of OET and
directly relate to limiting fragmentation models. The A? behavior of the

target faetor and the inclusion of a charge skin-thickness term in the best fit
for Yoo along with small parallel momenta widths in the beam rest frame, imply
the observed fragments are the result of peripheral interactions. Neutron rich
enchancement of mirror-isotope cross sections, correlations in fragment binding

o

energies, and a surprising degree of beam independence in O;T indicate a
dominance of fragment nuclear structure in the production:amplitudes.

We thank the Bevatron operations staff, under H. A. Grunder and R. J.
Force, for their support and effort during this experiment. We commend E. E.

Beleal, D. M. Joncs and C. P. McParland for their computer programming efforts

and data handling, and R. C. Zink for electronic component construction.
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Table 1. PRODUCTION CROSS SECTIONS AND ERRORS (mb).
BEAM ENERGY SECONDARY TARGET
¥F

I, A ® H Be c Al Cu Ag Pb

L) 2.10 Gev/n 1 1 % 50,7+ 3.1 37.2r 6.8 25882
1 2 11, 406.* 36 692, 13, I52.t 97 IS 7154,
13 +s, 151,
P 3. 136.
2 4 I 474, 825.+ 90. 982.+104.
2 s . 2.00¢
3 e 35.9¢ 49.41 8.5 560113 4
37 26.3¢ 39.8¢ 1.9 39.8¢ 3.5 39.7¢ %.3
38 2.50¢
39 5093
4 7 22.3 6,42 3.2 3.3t 6.4
4 9 9.06¢ .2t .7 13.8¢ 1.5 15.3¢ 2.1
4 10 3.98¢ 5.652 .77 6.80¢1.14
4 11 194
4 12 .033e
5 8 1.38¢
510 20.3¢ 26.62 6.3 35.2¢11.3
511 25.9% 1.3 31.0t 1.6 43,62 3.9 52.8¢ 5.9
5 12 2.442 .18 3.61% .24 «.04t .58 3.98% .75
5 13 437¢. 045 651,200 .699¢. 438
6 9 4082086
6 10 2.51¢ .16 4.18%1.22 T.21%1.%0
6 11 18.5¢ 37.8% 3.8 36.9¢ 5.7
6 12 65.1t 5.2 104.¢ 18, 126.¢ 25.
6 13 27.7¢ 1.4 31,4t 2.0 39.42 5.1 45.4¢ 8.3
6 14 4.718 .31 6.29¢ .46 7.5181.30 12.3¢ 2.2
6 15 040%.013
T 12 312,071 1,112 3%

13 8.06% .42 18.6¢ 2.2 17.0¢ 3.1
7T 14 41.8¢ 3.3 68.3023.3 71.2¢22.%
T 15 54.2¢ 2.9 66.0t 4.3 98.2¢ 9.6 121.f 15. 202.t 26
T 16 129¢.023  .100%.034 386,151 .01 a
8 13 221¢.035 - 525%, 167
8 14 1,675 12 2.14t 42 2.20¢ .58 2.80%1.52

12 8 15 42.9% 2.3 T4.0t 7.8 99.2012.6 135.¢

¢ 2.10 Gev/n 1 ) 70,0t 4.2 86.3% 5.7 112.+ 9. 131.% 12. 171.¢ 18,
2 314.¢ 20. 411.% 37. S43.¢ 58. 690.% 78. T1S.ri2M.
13 129.¢ 11. 158.% 14. 198.¢ 24. 237.% 32. 321.t 52.
2 3 125.¢ 7. 152.¢ 9.. 192.% 13. 227.% 16. 264.% 22.
2 4 373+ 33. 4S1.t 40, 553.t 53. 616.t &7, 7T28.¢ 85
2 s 2.21% .22 2.82¢ .27 3.21% .47 3.5421.12 4.21¢1.10
ER 30.0% 2.4 36.3¢ 2.9 47.3% 4.5 46.1% 5.6 60.02 8.5
P 21.5¢ 1.1 27.3% 1.4 31.9¢ 2.3 40.3% 3.3 45.9% 4.6
3 8 2.18t .15 2.79% .23 3.89% .47 3,27+ .33 3.40% .82
39 851%.082 .883¢.117 1.38% .36 1.20% .33 1.43¢ .83
4 7 18.62 25.65 1.3 33.T% 2.3 41.2¢ 3.3 47.9t 4.9
“ 9 10,6 .5 12.7¢ .1 16.1% 1.3 18.62 1.1 22.5t 2.6
4 10 §.61% .29 7.02¢ .40 8.57¢ .70 8.81% .91 3.97¢1.40
41
5 8 1.72¢ 13 1.76% .14 1.85¢ .33 1,96 .40 3.69¢ .1
5 10 35.10% 3.4 36.3% 9.8 43.7¢ 9.8 64.6¢17.4 13.8024.%
5 11 53.8% 2.7 65.2¢ 4.7 84.8¢ 9.0 109.¢ 13. 1858,¢ 23
5 12 1042.010 . 1442.03) 1242078 A0 2
6 9 5392.066 .497+.086 .524¢.172 .5282.269 1.56¢ .57
6 10 4.10% .22 4.99¢ .34 5,38y .55 7.03¢ .88 T.8271.47
6 11 46.5¢ 2.3 59.5¢ 3.1 81.32 6.3 102.* 10. 14S.¢ 17,

2 112 ,079¢.011 .240¢ .09

¢ 1.05 Gev/n 1 1 18.8 1.6 24.62 2.1 26.4t 3.7 35.9¢'5.2 48.7¢ 8.2
12 292.% 26. 413.¢ 37. 48%5.+ 52. 698.s 82. 82).+145.
13 118.¢ 7. 149+ 9. 219.¢ 19.
2 3 135.¢ 8. 16l.t 9. 209.¢ 18, 237.t 17. 321.% 26,
2 4 404.% 36. 48D.t 44. S568.% 1. T27.t 19, 7T49.¢113,
2 s . 1.832 .19 2.00¢ .29 3.00% .68 3.61¢1.38 7.27¢2.67
38 . 27.1% 2.2 24.9%¢ 2.9 33.12 6.0 38.1% 7.6 50.5¢13.1
37 . 21.5¢ 1.1 28.5¢ 1.4 32.62'1.9 #2.1% 3.4 45.2% & 8.
38 1. 2.40% .18 2,87¢ .27 3.99% .70 2.84%1.22 4.96%1. .6
39, 873£.096 .0182.159 1.05% .38 1.15% .49 |.76¢ .81
4 1 8. 18.6 .9 19.9¢ 1.1 25.0t 1.9 21.6* 2.7 37.8: 4.7
4 9 5, 10.7¢ .5 13.9¢ .9 14.3% 1.2 23.7¢ 2.1 22.2¢ 3.1
« 10 2, 5.34% .29 6.49% .98 7.69¢ .61 0.4321.19 10.9¢ 1.8
T .
58 TA9.037 6002.093 155 08 1.3t 10 1.T3r 16 2,29t 32 1.78¢ .38 2.70¢ 68
5 10 14.5¢ .7 20.2¢ 2.5 20.8t 2.3 27.9% 2.2 30.4t 3.5 36.%2 9.9 #3.1t12.% 50.9218.2
5 11 26.8% 1.3 29.3% 2.7 50.7+ 3.2 48.6% 2.4 64.5¢ 5.3 80.12 7.9 110.2 15. 149.¢ 25,
5 12 .052£.005 .050£.013 0932 01T .099%.013 .178:.046 .149%. 047 (233 a
6 9 .240t.016 .285.061 .419:.048 .480£.060 .602¢.100 .6652.183 1.19% .30
6 10  2.25%¢ .11 2.52t .28 4.02¢ .23 4.44%¢ .24 5,06+ .37 7.$3* .70 7.6921.03 10.9¢ 1.7
6 11 24.2% 1.2 25.0% 3.0 44,7+ 2.6 44,7t 2.8 57.8¢ 3.9 78.1¢ 8.1 98.4213.3 128.t 22.
T 12 .014%£.005 .053 a  .022¢.011 .051 &  .069¢.030

1.00 (6690284 1.99% .02 1.92¢ .02 2.35¢ .03 2.812 .05 3.15t .07 3.72¢ .09

TARGET FACTOR (7v,)

b

FACTOR OF 2 ESTIMATE

PROTON PRODUCTION WITHIN 12.5

MR OF 0 DEGREES.
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Figure 1.

Figure Captions

The cross sections for B+T > F + - can be expressed as
ogT=ygyT, where Yop is the gérge£ factérf Plotted are the
meéﬁtarget fdactors versus thehtarget mass AT (amu) for all
CTOSS Séétiops given in Table 1. The error bars represent
the error-weighted standard deviations and reflect the dis-
tribution of errors in therindividual cross sections ogT.

The mean errors for Yy are approximately the dot size. The

computed values of Yp using the empirical fit are given by

the symbol X. Physical parameters in the empirical expression

for Yop are rT,

skin thickness of the target nuclei (see Ref. 13). The line

oy . - : . » 1
superimposed on the data points is an approximation for YT=AT4.

the half-density charge radiué and t, the charge-

e A
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