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Abstract: Target fragmentation formation cross sections, angular distributions, and range spectra were
measured for the interaction of 800 GeV protons with 'Au. Frem the measured formation cross
sections, isobaric yields were deduced. The range distributions were converted to energy spectra.
The angular distributions are sideward peaked for the fission/deep spallation products with the
mavxima in the distributions occurring at 30*-60". The angular distributions and energy spectra are
consistent with previous measurements of the interactions of energetic protons with gold. Within
experimental uncertainties, the mass-yield distribution from the interaction of 800 GeV protons
with gold is the same as from the interaction of 11.5 GeV protons with gold. The microcanonical
model for statistical decay of very highly excited nuclei reproduces the general trend of the measured
isobaric yields from the interaction of 800 GeV protons with '*’Au although the calculation predicts
more structure in the yields than is observed.

NUCLEAR RE/ CTIONS: "Au(p, X); E = 800 GeV: measured « for formation of 118§
E ' nuclidesfrom **Natc '”"Au; measured fragment differential ranges and angular distributions;
deduced do/df2 dE (fragment Z, A) and isobaric yields.

1. Introduction

Studies of target fragmentation induced by very energctic projectiles '™*) have
shown many unusual and interesting phenomena as the projectile energy increases.
For example, the lab-frame angular distributions of the deep spallation products
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(AA(= Ayrger — Aproduar) = 30) and the intermediate mass fragments (Agagment <
A change from forward peaked to sideward peaked in p-heavy element interac-
iions as the proton energy increases from approximately 3 to 10 GeV [refs. =91
Furthermore, Porile ef al. have studied the interaction of 400 GeV protons with
targets ranging from silver to gold. They found a similar change in the fragment
angular distributions (from forward to sideward peaking) with increasing target
mass number ’). [ Sideward-peaked angular distributions have also been observed
for intermediate mass fragments (IMF) resulting from the interaction of 800 GeV
protons with lanthanum, terbium, and lutetium ) and for IMF from the interac-
tion '*) of 25 GeV '>C with '’Au.] Forward (F) to backward (B) ratios of F/B<1
for IMF were observed ') in the interaction of 13.6 GeV/nucieon '°O with '’Au.
Since little was known about the interaction of 800 GeV protons with heavy targets
such as ""’Au, we measured the properties of the target fragmenis from this reaction.
We report herein the measured values of the target fragment production cross
sections, angular distributions and range distributions. From the target fragment
production cross sections we deduced fragment mass distributions, and from the
range distribution we deduced energy spectra. Our resulis are consistent with
previous measurements of the interaction of lower energy protons with gold. We
compare our measured fragment mass distributions with the predictions of the
microcanonical model ''""?) for the statistical decay of very highly excited nuclei.

2. Experimental techniques

The irradiations of the '"’Au targets were performed with 800 GeV protons at
Fermilab. Inclusive measurements of the angular distributions and differential range
specita were made using radiochemical techniques that have been described
previously '*"'%). To determine the target fragment yields, one irradiation, of approxi-
mately 9 h duration, was performed (total fluence 4.6 x 10" protons). The '"’Au
target thickness for this irradiation was 50.1 mg/cm’. No catcher foils were used in
this irradiation. Another irradiation, of approximately 70 h duration, was performed
to determine angular distributions and differential range spectra. Target thicknesses
were 0.24 and 0.22 mg/cm’, respectively. The beam intensity was determined for
each irradiation by two secondary electron monitors '?), which agreed within errors.
Their calibrations were based upon a measured Cu(p, X) **Na cross section of
3.9 mb at 400 GeV [ref. '’)] which was assumed to be constant between 400 and
800 GeV. [A recent measurement*’) has confirmed this energy independence
between 30 and 800 GeV, but with a cross section vaiue that is 8% lower than that
reported in ref. '°)]. The experimental setup for determining the angular distributions
consisted of the gold target mounted at 45° to the beam direction. Fragments emerging
from the target were caught in 125 win Mylar foils (5°< 6 <35°) or 100 um Mylar
foils (35°< @ < 171°). Following irradiation, the catcher foils were divided into nine
pieces corresponding to the angular intervals of (a) 5°-13° (b) 13°-23° (¢) 23°-35°%
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(d) 35°-52°; (e) 52°-76°; (f) 76°-104°; (g) 104°-128°; (h) 129°-158° and (i) 158°-171°.
The effect of “‘target shadowing’ was such that the “useful” solid angles cerrespond-
ing to these angular ranges were 0.125, 0.345, 0.614, 0.931, 1.18, 1.16, 1.18, 1.45 and
0.271 sr, respectively. Foiis (b), (d), (f) and (h) were counted on a kigh-efficiency
Ge detector while foils {a), (c), (e), (g) and (i) were counted on a lower efficiency
detector. As a consequence, values of do/d{2 () are reported for angular intervals
(b), (d), (f) and (h) for all radionuclides while values of do/d2(6) for the other
angular intervals could oanly be measured occasionally.

The stack of Mylar foils for determining the differential range spectra was aiso
mounted in a cylindriczl geometry. To determine the fragment differential range
spectra, two stacks of Mylar foils were mounted inside the cylindrical scattering
chamber (diameter ~30 mm) at 90° with respect to the incident beam. The catcher
foils subtended angles of 72°-108° in the reaction plane and an azimuthal angle of
45° in the plane normal to the beam direction. Thus the geometry of the catcher
foils was such that ~25% of the recoils in the angular interval were collected. Since
the foil stacks were mounted on the walls of the cylindrical scattering chamber, the
fragments «.nerging from the target entered the foils normal to the surface. The
target was tilted at 45° to ensure no portion of the foil stack was “shadowed”. The
assay of the radioactivity in the Mylar foils and the target foils from the two
experiments was begun within less than two days after the end of the irradiations.
The foils were counted without chemical separation using off-line y-ray spectroscopy
to follow the decay of the individual nuclide vy-rays. The resulting y-ray spectra
were analyzed using the interactive analysis program DECHAOS *°). The analysis
of the decay curves and the assignment of the radionuclides present and their
activities were done in similar manner to that described previously 17). The radioac-
tive decay data used in these assignments was an updated form 21y of the Reus-
Wesimeier tables ).

3. Experimental results

3.1. TARGET FRAGMENT YIELDS

The target fragment formation cross sections were calculated from end of bom-
bardment radionuclide activities '’). Thus, in calculating the formation cross sec-
tions, a correction is made for any radioactive decay that occurred after the end of
irradiation but no correction is made for any feeding during the irradiation. No
catcher foils were used in the thick target experiment for determining the target
fragment production cross sections. The measured target fragment production cross
sections were corrected for the fractions of activity recoiling out of the target. The
percentage recoil loss was assumed to be the same as for the interaction of 300 GeV
protons with gold 2*). Thus for **Na, 0,ne., =9.68 mb; (F+ B) from ref. 23) is 0.25;
and o, = 12.9 mb. The recoil loss decreases smoothly with fragment mass number.
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For Ag,,<28 the correction was ~25%, for 43 < Ag,, <56 it was ~14%. For
58 < Ay, < 86 the recoil correction ranged from 13% (A =58) to 8% (A =86) with
an average value of 10%. For 88 < A, < 105 the recoil correction ranged from 8%
{A=88) to 6% (A =105} with an average value of 7%. For nuclides with A>110
the recoil loss was assumed to be negligible.

The measured target fragment production cross sections, after correction, are
tabulated in table 1. The errors reflect the uncertainties due to counting statistics.
In fig. 1 we skow how our values of the production cross sections compare with
previcus me.surements from energetic proton-gold collisions *****’). Our data
confirm that limiting fragmentation behavio: (i.e. the cross sections become roughly
independent of beam eneigy above some minimum energy) occurs, with an onset
at ~10 GeV. The limiting fragmentation behavior has previously also been observed
for heavy-ion reactions **), for which the onset is at ~2.1 GeV/nucleon. Kaufman
et al.¥’) showed that the ratios of the cross sections measured for the interactions
of 300 and 11.5 GeV protons with gold vary regularly with mass number. They found
that the ratio o(300)/ o(11.5) decreases from about 1.1 for the lightest fragments to
about 0.9 for nuclides in the range 121 < A, < 185. Our measured cross sections
at 800 GeV agree with that trend. This relative independence of the fragment
production cross sections from the projectile eriergy implies the spectrum of excita-
tion energies of the initial target-like fragment is not dependent on projectile energy.

The mass-yield distribution was deduced from the cross sections tabulated in
table 1, using an estimation procedure discussed previously '®). The nuclidic forma-
tion cross sections were placed in nine groups according to mass number. These
cross sections were corrected for precursor beta decay, where necessary, by assuming
the independent yield cross sections for a given species, o(Z, A), can be expressed
as a function of the isobaric yield o(A) as:

0(Z, A) = a(A)27CHA)] " exp[-(Z - Z,,)’/2CX(A)], (1)

where C.{A) is the gaussian width parameter for mass number A and Z, ,(A) is
the most probable atomic number for that A. Using this assumption and the further
assumption that o(A) varies slowly and smoothly as a function of A (allowing data
from adjacent isobars to be combined in determining Z,, , (A) and C.(A)), one can
use the laws of radioactive decay to correct iteratively the measured cumulative
formation cross sections for precursor decay.

Within each of the nine groups, the data were fitted to a gaussian-shaped indepen-
dent vield distribution. The centers of the charge distributions were represented by
a polynomial function of the second order in A over a limited range in -\. Variation
of Z,, with mass number is generally smooth except for the region with A>190
where o(A) is not varying slowly with A and the deduced independent yield data
do not generally constrain Z,, very well. Nuclides with isomer or other feeding
problems were not included in the analysis. The nuclidic groupings along with the
centers and widths of the gaussian distributions are given in table 2. The independent
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TABLE 1

Formation cross sections (mb) of nuclides formed in the reaction of 800 GeV protons with '’Au

Nuclide Cross section Nuclide Cross section Nuclide Cross section
24Na 12914 Mo 0.38+0.03 195Tm 11.9+20
Mg 3.4+0.5 100pg 1.54£0.07 16Yb 93+1.3
8K 2.5+0.4 190 h 24102 17Tm 13.6+0.1
44gcm 2.1+£0.3 1M Rp™ 5.7+0.1 1%Yb 10.1+0.3
65¢ 57+0.3 10578 5.5£0.1 1904 10.5+£2.4
7S¢ 40+0.3 195Rh 1.7£0.2 o0y 74+0.6
4ICa 0.55+0.02 106Ag™ 1.410.1 0Ly 13.510.9
48sc 1.4£0.1 Mp 46+0.3 Y 8.5+0.4
sy 1.7+0.1 t3gn 5.7+0.2 My 15.6+0.5
S1Cr 4.5+0.2 19Te 54+0.2 12Er 2.4+0.2
2Mn 0.91+£0.11 120gp0 0.11x0.01 134f 13.2+0.9
%Mn 59+0.2 121Te 7.0+0.1 1SHE 13.3+0.2
%6Co 0.58 £ 0.08 121em 0.26£0.03 175Ta 11.2+0.6
5Co 2.310.1 122y ¢ 52104 176Ta 18.4+0.5
%Co 4.6+0.1 123 3.7+£0.6 "7Ta 14.4+0.2
S9Fe 1.9+0.1 123 em 1.1£0.3 V7™ 1.5£0.1
5’Ga 3.2£0.1 125X e 6.3+0.4 178w 11.9+0.1
$Zn™ 0.95+0.10 1265 0.11+0.04 18T Hf 0.95+0.09
"TAs 2.3+0.1 127x e 56103 81Re 12.0+0.2
2Ga 2.7+0.1 12883 7104 18205 128+0.5
74As 2.5+0.1 129Cg 8.0£1.0 183Re 18.9+0.6
5Se 41+0.3 131Ba 7.7+0.7 1830gm 5.7+0.2
"Br 3.8+£0.8 135Ce 7.4+1.6 18305 8.8+0.2
82gr 1.7+0.2 143pm 10.6+0.3 1851r 7.1£0.6
53Rb 73104 MSEY 8.5+0.5 18505 214103
838r 3.3+0.1 196Gd 8.5+1.0 1861 6.1£0.1
¥Rb 2.3+0.1 YTEn 10.7+1.8 1871p 18.3+2.5
858r 7.1+0.1 197Gd 74104 1881 3.8+03
sy 2.6+0.6 148pmm 0.4+0.1 188y 15.7+0.2
87ym 7.8+0.5 199Gd 10.6£0.6 189y 21.1+0.4
81y 7.1+0.4 51Tb 44+06 189py 25.0+1.4
887r 47+0.1 151Gd 7.3+0.7 1901 28+0.7
sy 2.4£0.1 152Th 6.2+0.3 191py 19.5+0.9
8Zr 6.6+0.1 1537Tb 7.8+04 192]p 2.3+0.2
PTc 5.2+0.1 153Gd 7.7+£0.4 193 Au 10.6+0.5
?°Nb 0.84 +0.01 155Tb 10.3+0.2 194A 192+0.6
P Nb™ 0.3+0.1 55Dy 6.0+0.2 1941r 3.6+09
%Tc 2.1+0.1 "Dy 9.2+0.2 16 Au 64.7:4.7
7Ru 39+04 160k, 99+0.5 1% A 40903

yield distributions estimated from the measured formation cross sections are shown
in fig. 2.

In fig. 3, we compare the deduced Z,,(A) and C.(A) functions with those
deduced previously ’) for the interaction of 11.5 GeV protons with gold and the
systematics of proton-nucleus collisions deduced by Rudstam **). Our data appears
to be consistent with the systematics of Rudstam **) although there are differences
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TABLE 2

Charge dispersion parameters

Fragment

mass number range ZmplA) C:(A)
24-59 0.466A —0.38 0.5
65-77 —0.382x 1072 A2+0.483 A+0.000 0.6
82-89 —~0.382x 1073 A%2+0.483 A-0.000 0.6
95-113 ~0.382x 107% A2+0.483 A-0.200 0.9
122-129 —0.382x 1072 A2+0.483 A+0.231 0.6
131-160 -0.382x 1072 A2+0.483 A+0.562 0.6
165-178 —0.382x107% A2+0.483 A+0.254 0.6
181-189 —0.382x 1073 A2+0.483 A+0.306 0.5
191-198 —0.382x 1072 A2+0.483 A—-1.15 0.6
E v 1 1T TdE " T " 1 g:— T T T
- A=24-59 A = 65-77 IF  A=82-89
10" | ® 3
- . -
10° = =
| | SEPR N PR N
L LA
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>
vrmrwm'rmr"m*rj
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Fig. 2. The independent yields distributions from the interaction of 800 GeV protons with 'f"Alu. The
plotted points are the independent yield cross sections calculated from the data while the solid line are
the gaussian charge dispersions used in the calculation.
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Fig. 3. (a) Variation of Z_, ,/A versus A. Solid line, this work; dashed line, ref. 2’); dotted line, ref. 2*).
(b) Variation of C.(A) versus A. Open circles, this work; closed circles, ref. *?).

between our Z,, , data and the Z,, , values deduced by Kaufman et al. '), especially
at large A-values. It is difficult to assess the uncertainties in the values of Zno(A)
and C.(A) deducel in this type of analysis and thus to attach any significance to
the discrepancies noted.

The target fragment isobaric yields are shown in fig. 4, together with the fragment
isobaric yield distribution from the reaction of 11.5 GeV protons with '*’Au deduced
by Kaufman et al. ***"). Within experimental uncertainties, the mass-yield from the
reacticn of 800 GeV protons with gold is the same as from the reaction of 11.5 GeV
proter - with gold ***7) in accord with limiting fragmentation. For the isobaric yield
districution for the reaction of 800 GeV protons with '*’Au, the error bars on the
integrated data points primarily reflect the uncertainties due to the fitting process '®)
(~30%). The deduced isobaric yield data for A= 191 is more uncertain due to the
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Fig. 4. Isobaric yield distribution for the fragmentation of the fragmentation of 197 Au by 800 GeV p,

and 11.5 GeV p [ref. 2’)]. The calculated isobaric yield for the spallation products, using the expression

derived by Rudstam 28), and an exponential slope constant according to Siimmerer and Morrissey *°) is
also shown.

breakdown of the assumption of o(A) varying slowly with A and the relatively
smail number of measurements.

In fig. 4 we also show calculated the isobaric yield Y(A) for spallation products,
using the expression originally derived by Rudstam**) and recently used by
Siimmerer and Morrissey *°)

Y(A)=0gxPexp[—P(A—A)], (2)

where oy is the total reaction cross section [1790 mb, ref. 39)]. The slope constant
P was parameterized *°) by an exponential which depends only on the target
mass A,;:

In P=-7.57x107A,—2.584 3)

The calculated mass yield for the spallation products from the interaction of
800 GeV protons with gold is in good agreement with the experimental yields. Thus,
the product mass distribution for the 800 GeV p+Au reaction is consistent with
what we know about product mass distributions in p-nucleus collisions.

3.2. TARGET FRAGMENT ENERGY SPECTRA

The measured differential range spectra were converted to energy spectra using
standard range-energy tables *'). Corrections for energy loss in the gold target were
made by assuming that, on the average, the fragments traversed
1(0.22 mg/cm?)/cos 45° in the target. This thickness was converted to the Mylar
equivalent on the basis of the relative stopping powers of Mylar and gold M),
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In fig. 5, we show representative target fragment energy spectra from the stack
mounted at ~90°. In the same figure, we also show the shape of the energy spectrum
for the fragment mass bins 28< A =<31, 80<A<89 and 120<A=<139 from the
interaction of 4.9 GeV protons with gold *>*?). All products (except the intermediate
mass fragments such as “’Sc) from the interaction of 800 GeV protons with gold
show the expected pseudo-exponential spectra characteristic for deep spallation
products. The slope of the spectra becomes greater as the fragment mass increases.

The two-step vector model of high-energy reactions assumes that in the first step
of th: reaction the incident proton interacts with the target nucleus. The proton
imparts a velocity v, along the beam direction to the resulting residual nucleus. The
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Fig. 5. Target fragment energy spectra from the Mylar stack mounted at ~90°, and the shape of the
energy spectra for the fragment mass bins 28 < A=< 31, 80< A< 89 and 120=< A < 139 from the interaction
of 4.9 GeV protons with gold *2).
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breakup of this remnant leads to isotropic emission in the moving system of a
fragment with velocity V. The kinetic energy of the fragment in the moving system
is T=1AV?2 The forward motion from the first step of the reaction has a small
effect on measurements at 90°, which can be disregarded. This means that our
calculated mean fragment energies at 90° can be treated as the mean recoil kinetic
energies, ( T), in the moving system, if the two-step vector model is valid. The average
recoil momenta are then calculated as:

P =(2A(T)931.5)"/? [MeV/c]. (4)
The mean energies and the average recoil momentum of some representative products
are tabulated in table 3.

A velocity spectrum of '*?Gd from the interaction of 800 GeV protons with gold
was calculated from the measured range distribution. This velocity spectrum is
shown in fig. 6 together with the velocity spectrum of '**Tb from the fragmentation
of gold by 2.2 GeV protons, mcasured by Crespo et al.**). The two spectra have
the same shape. We thought it would be interesting to see to what extent the shapes
of the spallation product spectra could be predicted by conventional models for
high energy processes. Accordingly, we assumed we had a group of '”’Au nuclei
with an excitation energy distribution given by fig. 10. Neglecting any momentum
imparted to these nuclei in the primary nucleon-target interaction (which is appropri-
ate for the nuclei detected at 90°), we calculated the energy spectra of the spallation
residue nuclei due to particle evaporation (considering possible de-excitation by
fission). The calculations were performed using a modified DFF procedure *°). A
representative calculated fragment spectrum (for A = 145-155) is compared to the
data in fig. 6. There appears to be excellent agreement between the measured and
calculated spectra, suggesting these spallation product spectra can be simply accoun-
ted for using conventional models of high energy processes.

The isotropic component of the target residue momentum is often thought to be
produced by a random combination of small recoil momenta from sequential
evaporation, i.e. a random walk in recoil momentum space **). Crespo et al. **) have

TABLE 3

Mean fragment energies and average recoil momenta
for some representative products

. (M Pims.
Nuclide [MeV] [MeV/c]
43¢ 50.7 2110
87y 18.6 1740
?7Ru 10.2 1360
i Y 10.4 1470
9Gd 5.2 1200
153Tb 4.6 1140

167 m 39 1100
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Fig. 6. Velocity spectrum of *°Gd from the interaction of (a) 800 GeV p, (b) 2.2GeV p with '*’Au

[ref. **)]. Also shown is a DFF calculation of the velocity spectra of similar products from the 800 GeV
p+ Au reaction.

shown that a sequential evaporation chain in which the residue receives an average
momentum in each step, (P,), which leads to the expression:

Pr.m.s. = Afrag( V2>I/2 = (R)(AA)UZ = (Afrag< pi)(AA)VZ)/‘A-an ’ (5)

where A,,, is the average mass number of the residue in the chain, AA=A,— Aqu>»
and (p,) is the average momentum of the emitted particles.

It has been shown ****°) that the momentum distributions of projectile and
target residues from many reactions of relativistic projeciiles with a broad range of
targets are quantitatively consistent. The values of P, .. depend linea:ly on the
square root of the mass loss. In fig. 7 the values of P, for the fission/deep
spallation products from the interactions of 800 GeV protons with gold are shown
as a function of the observed mass loss 4A = A,— Ay,,,, together with data from
Morrissey *°). A line is drawn through the data in fig. 7 with a slope of
150 MeV/c/u"/? representing the semiempirical dependence P, =5.1(4A)"’
[MeV/u]"?, discussed in ref. *®). The data from the interaction of 800 GeV protons
with gold is in good agreement with the systematics.

3.3. TARGET FRAGMENT ANGULAR DISTRIBUTIONS

In fig. 8, we show some representative target fragment lab-frame angular distribu-
tions. The differential cross sections are normalized to unity at 90°. The *’Sc angular
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Fig. 7. The recoil momentum, P, ., as a function of observed mass loss from target residues *°). The
straight line with a slope of 150 MeV/c/u'/? represents a previous semiempirical description discussed
in ref. %¢).

distribution is sideward peaked. For the fission/deep spallation products (A=
87-111), the distributions are also sideward peaked with the maxima in the disiribu-
tions occurring at angles between 30°-60°. The heavier spallation products have
forward-peaked distributions. Wang and Porile °) have pointed out that the fragment
angular distributions from reactions induced by energetic protons can be parameter-
ized as: '

F.(@)=1+A,cos @ _+ A, cos’ O, . (6)

The solid curves in fig. 8 represent least-squares fits to the data using eq. (6). The
values of the coefficients A, and A, are tabulated in table 4. From eq. (6) we get
that A, is a measure of the forward-backward asymmetry; A, =2(F — B), where F
and B are the forward and backward fractions of the differential cross section,
respectively. The parameter A, is a measure of the anisotropy of the angular
distribuiio::. A positive A, value indicates that the differential cross section at 90°
is smaller than the average of the values at 0° and 180°, while a negative A, value
indicates the opposite. The A, and A, derived from fitting the present data agree
with the systematics %) (shown in fig. 9a and 9b) of the variations of A, and A, with
mass difference between target and product. The asymmetry and the anisotropy
parameters decrease with increasing AA. A, becomes negative for sufficiently large
mass losses, where the laboratory angular distributions are sideward peaked.

4. Comparison of data to theory

4.1. MASS DISTRIBUTIONS

In a series of recent papers Gross et al. ''"'*) have shown that a realistic microca-
nonical simulation of all important decay channeis of iighly excited nuclei is
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Fig. 8. Target fragment laboratory angular distributions from the isteraction of 800 GeV protons with
'7Au. The solid curves represent least squares fits to the data using eq. (6).

TABLE 4

Parameters derived from fits to .he angular distributions from
the interaction of 800 GeV protons with '*’Au

Product Al A2
4TS¢ 0.024+0.028 —0.331+£2.060
87y 0.135+0.029 —0.262 +0.055
Ru 0.189 + 0.006 —-0.207 + 0.013
B 0.250+0.023 —0.122+0.004
131Ra 0.485+0.034 —-0.049 + 0.070
9Gd 0.541 +0.054 0.168 +0.110
1337b 0.540 +0.044 0.123 +0.084

1$"Tm 0.668 +0.032 0.445 + 0.061
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anisotropy parameer A, with mass loss AA for deep spallation products and fragmentation products °).
See part (a) for details.

possible. We thought it would be appropriate to compare our data for the 800 GeV
proton+ ">’Au reaction with the predictions of this model.

With the mass yield o(E*, A) given by the microcanonical simulation, the total
mass yield is

U(A)=J o(E*, A)P(E*)dE*. )

The probability P(E*) that the target nucleus receives excitation energy E * can be
calculated within the Glauber multiple scattering theory '’). This probability is
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Fig. 10. The probability, P(E*), of excitation energy E* of the target remnant, as given by Glauber

multiple scattering theory. As suggested by ref. *!), we took P(E™*) = constant for 1.2< E*<2.0 GeV and
set P(E*)=0 for E*>2GeV.

shown in fig. 10. The result of our calculation, shown in fig. 11, is in rough overall
agreement with our measured mass yield distribution. There is, however, consider-
able more structure in the calculated yields which is not observed. This failure to
observe structure in fragment mass yield distributions predicted by the microcanoni-
cal simulation has been noted by others *?).
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Fig. 11. A comparison of the measured isobaric yield distribution for the fragmentation of '*’Au by
800 GeV protons wiln that calculated (histogram) using the microcanonical model for statistical decay
of very highly excited nuclei presented by Gross et al. ''-'*).
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To review the uncertainties in the model which may be respoasible for
this structure, we note the fundamental assumption in the model is that most
fragments are produced trom an equilibrated source. This is not guaranteed in real-
ity, although recent observations suggest multifragmentation events come from
an equilibrated source. However, it is useful to remember the reasons ror this
assumption.

At excitation energies of the order of the binding energy, heavy nuclei cannot
decay into free nucleons. The reason is simple. At birth the fragments are still in
proximity and because of the long-range Coulom:b interaction there is considerable
Coulomb energy. This can only be available if most of the nucleons cluster together
in different intermediate mass nuclei and gain binding energy. Therefore, at these
excitation energies the production of intermediate mass nuclei is the predominant
decay mode. To have a chance to describe these decays realistically, a theory has
to incorporate cluster formation explicitly. Currently, there is no dynamical theory
starting from a description of interacting nucleons which is able to do this **). Thus,
in formulating the microcanonical model, Gross et al. assumed equilibrium and
neglected any dynamics. However, this assumption is not unreasorable. Equilibrium
decay takes care of the constraints of the reaction by the global conservation laws
and by phase space. These are certainly the most important factors.

There are two free parameiers in this calculation:

(i) The radius of the freeze-out geometry for '’Au, R,=2.2A"> fm. This value
was determined in a fit of the distribution of relative velocities of intermediate mass
fragments after the collision of 800 MeV/nucleon alpha particles with gold *). As
the relative velocity is a direct measure of the Coulomb acceleration and therefore
of the charge distribution, we believe this value of R, to be fairly well determined.
Of course, there might be a difference in the freeze out configuration reached after
a collision of an 800 MeV/nucleon alpha particle with Au, compared to that of an
800 GeV proton.

(ii) The distribution P(E*) of excitation energies is very uncertain. Th= shape
of the excitation energy spectrum at low excitation seems to be similar for the
Glauber theoretical distribution and for the einpirical form used here. However, we
don’t have a precise knowledge of the spectrum at high excitations; in particular,
we don’t know how far in E* the excitation energy specirum reaches. Varying the
high-energy cut-off shifts the relative yield for fragments with A > 100 compared to
the lighter fragments. This is a smooth effect as the mass yield o(A) is the product
of the total proton-gcld cross section oy, times the probability P(A) times the
average multiplicity (m). At higher excitaticn energy P(.A>100)/ P{A <100) drops
but (m) rises. In the calculations here we assumed a distribution of excitation
energies as given in fig. 10 between E* =50 MeV and E*=2 GeV. Of course, the
distribution of excitation energies might be different in the limiting fragmentation
region (bombarding energies above 10 GeV) compared to proton energies of 1-2 GeV
in the Glauber theory.
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A third weak point of the model is the treatment of the secondary (delayed)
evaporation of charged particles (protons and a-particles), in a rough and schematic
fashion only. The reason for this is that delayed charged-particle emission demands
the simultaneous treatment of the Coulomb trajectories of all interacting charged
fragmenis because of the long range of the Coulomb interaction. This, however,
goes far beyond the computer capacity available to us. We have ignored delayed
charged-particle evaporation and assumed that alpha-particle emission is rather fast
and that nuclei leaving the freeze-out configuration decay only by neutron evapor-
ation. Delayed alpha-particle emission by the heavier fragments might wash oui the
structures in the mass yield distribution calculated within the present model.

In view of the general reproduction of the overall shape of the mass yield and
of the absolute value of the cross section, the microcanonical equilibrium model
can explain our experimental finding.

5. Summary

The target fragment yields, angular distributions and range distributions were
measured using activation techniques for the reaction of 800 GeV protons with
%7 Au. The results are consistent with previous measurements for the interaction of
lower energy protons with '’ Au, in accord with limiting fragmentation.

The mass distribution agrees with the systematics of Siimmerer and Morrissey.
The predictions of the microcanonical model for the statistical decay of highly
excited nuclei are in general agreement with the measured mass distribution although
the measured distribution did not have the oscillations in yields predicted by the
model. The energy spectra of the spallation products were properly described using
the DFF procedure and an initial fragment excitation energy spectrum from Glauber
theory.
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