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Fragment energy spectra from the 2.1- and 4.9-GeV proton irradiation of C, Al, Ag, and U targets were
measured at several angles to the beam for products ranging from He up to Ar for the heavier targets. The
fragments were detected in a telescope consisting of a gas AE counter and a silicon E counter. The carbon
target measurements are compared with previous data from projectile fragmentation studies. A Maxwellian
type functional form which fits the energy spectra from all the targets is presented. The spectra were
integrated to obtain values of the cross section as a function of atomic number.

NUCLEAR REACTIONS C(p,X),E=2.1, 4.9 GeV; measured o(E, 6), X =He to

C. Al(p,X), E=2.1, 4.9 GeV; measured o(E, ), X =He to Na. Ag(p,X), E=4.9

GeV; measured o(E,90°), X =N to Ar. U(p,X), E=4.9 GeV; measured o(E, 6),
o(X), X =F to Ar. Spallation, fragmentation.

I. INTRODUCTION

Reactions of high-energy protons with complex
nuclei are not fully understood. Some of the most
revealing information about such reactions has
come from the study of the energy spectra of emit-
ted fragments. In this paper improved experimen-
tal technique has allowed the extension of measure-
ments to lower kinetic energies and to heavier
fragments. Our previous studies of the energy
spectra of fragments produced from silver,!? and
uranium? 3 targets by 5-GeV protons were limited
by a low-energy cutoff in the measurements be-
cause of the thickness of the silicon AE detectors
used in the telescopes. This cutoff ranged from
about 1.5 MeV/nucleon for the lighter fragments
up to 3 MeV/nucleon for Ar fragments, and pre-
vented the observation of the “evaporation” peak
in the energy spectra for these heavier fragments
from silver and uranium targets. Since it was dif-
ficult to obtain thinner silicon detectors with the
required uniformity, the present study used a gas-
eous ionization chamber for the AE detector, thus
allowing measurements down to 0.6 MeV/nucleon
for all fragments. Because the gas telescope only
resolves elements in this energy range, the orig-
inal plan was to combine it with a time of flight
measurement® to obtain both element and isotope
resolution. Even though the plan has not been rea-
lized, this new low-energy cutoff with only Z reso-
lution made it interesting to also make measure-
ments of spallation residues from light targets
such as carbon and aluminum. In particular the
reaction of 2.1-GeV protons on a carbon target was
studied to compare with the same reaction of 2.1-
GeV/nucleon carbon ions on a hydrogen target,

which has been studied by the technique of projec-
tile fragmentation.® The rather complete data
from the aluminum target should allow compari-
son with theory, such as cascade-evaporation cal-
culations. Both sets of data should be of astro-
physical interest. The fragments from the heavier
targets are of interest in understanding the statis-
tical breakup of highly excited nuclei.

In addition a functional form is presented which
fits the energy spectra from all four targets. The
parameters of these fits are presented and they
are used in some cases to help integrate the ener-
gy spectra to obtain cross sections. The physical
significance of the parameters is discussed.

Energy spectra of fragments from reactions in-
duced by high-energy protons have been studied
by many techniques in the past. From a carbon
target ®Li has been measured with nuclear emul-
sion, %" and ''C by activation techniques.® Thick
target recoil techniques have also been used® !°
for C. Counter telescope experiments using the
AE-E technique are summarized!! in Table I. (See

TABLE I. Recent counter telescope studies of nuclear
fragments produced by high-energy protons.

Proton
Targets energy (GeV) Fragments Ref.
C,AlAu 0.6 H, He 11
B,Ni, Sn,Sm 0.66 H-Be 15
Ni 3.0 Li-B 22
Ti,Ni,Sn 1.0 He-C 23
Ag,Au,U 1.0 He-B 24
Au,U 28 C-Mg 25
U 0.8 He-B 26
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also Ref. 12.) At lower incident energies time of
flight techniques have been used.!*'* Studies have
also been done on a boron target using counters'®
and an oxygen target using emulsions.!® From an
aluminum target ®Li has also been studied®” and
counter telescope experiments have also been per-
formed.'»* The production of ?*Na from aluminum
has been extensively studied by radioactive recoil
techniques.'™?! Surveys of the literature for the
silver and uranium targets are contained in Refs.
1 and 3, respectively. More recent counter tele-
scope experiments are summarized??-?® in Table

I. Thin target*™*® (Cl, V, Cu, Ag, Bi) and thick
target® (Au, U) radiochemical recoil measure-
ments have been performed for ?*Na.

II. EXPERIMENTAL

The experiments were done at two different
times. The measurements for the aluminum tar-
get with silicon detectors were performed at the
same time as the previously published Ag and U
data,* and the details for these experiments have
already been described.® The silicon telescope
measurements for the carbon target are more re-
cent but were done in the same way . All the sili-
con telescopes used are described in Table II. The
measurements with the gas ionization chamber will
be described here in more detail.

The gas telescope, which consisted of a gas AE
counter and a silicon E counter, was a copy of the
one developed by Fowler and Jared.*! It consisted
of a Frisch grid ionization chamber as the AE de-
tector with the silicon E detector placed inside the
gas counter assembly. The main difference was
that the entrance window was enlarged to be 8 mm
in diameter. The window consisted of five lamin-
ations of Formvar with a total thickness of 50 ug/
cm? supported by four crossed 0.025-mm stain-
less steel wires in a square array. The calculated
transmission was 98.6%. The distance between
the window and the E detector was 7.1 cm. The
counter gas was argon with 7% methane at a pres-
sure of 50 Torr. The resulting thickness of the
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AE counter was 0.76 mg/cm?, equivalent to about
3 um of silicon. The gas flow was about 0.6 Torr-
liter/sec. The pressure was stabilized to +1% by
a Cartesian manostat and read remotely by a pres-
sure transducer connected to a digital voltmeter.
The ionization chamber anode plate was operated
at +350 V, and the grid at +80V. At this pres-
sure the plate voltage plateau was at least 200 V
wide and the grid voltage had considerable leeway
on either side of its value. The energy calibration
was obtained using a pulser and a reference capac-
itor whose value was calculated assuming 26.1 eV/
ionpair (Ref. 32) for this argon-methane mixture.
The calibration was accurately checked by raising
the pressure to stop 6-MeV « particles in the gas.

The first stage of the AE preamplifier was
mounted inside the gas counter, directly coupled
to the anode. The capacitance of the ion chamber
was measured to be 10-15 pF, including the field
effect transistor of the preamp. The electronic
resolution measured with a pulser was about 17
keV full width at half maximum (FWHM). For «
particles the resolution (after rms subtraction of
the electronic resolution) was 9-12 % FWHM for
energies deposited in the counter from 450 to 150
keV.

The E detector was a nominal 100- um partially
depleted silicon surface barrier detector, 100
mm? in area. The electronic coincidence time
resolution between the silicon and the anode was
23 ns FWHM. Since the electron collection in the
gas was perpendicular to the path of the fragments,
the collection time depended upon the distance be-
tween the particle path and the anode plate. Thus
the time resolution for real particles depended on
the size of the entrance window, being 75 ns FWHM
for a2-mmdiam window and 160 ns FWHM with the
normally-used 8-mm diameter window, in agree-
ment with calculations of electron drift times. In
the future it probably would be better to use pure
methane gas because of its faster electron drift
velocity.

A slow coincidence was made between the AE
and E single-channel-analyzer signals. These

TABLE II. Silicon counter telescopes. The numbers given are the thicknesses in um of the
AE and E detectors, followed in parentheses by the lower discriminator setting in MeV of the

E counter.
Target CH Al
Isotope 0.41 mg/em? 1.1 mg/cm? 3.3 mg/cm?
=3y 61-250(2.2), 100-1500(2), 250—5000(5)
3He, *He 22-410(0.8)  20-168(3) 61-250(2.2), 100=1500(2), 250—5000(5)
SHe, 5%Li 20-168(3) 61-250(2.2)
T8:10ge 81012 ¢ 20-168(7) 61-250(5)
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FIG. 1. Data obtained from Al target with the tele-
scope utilizing gas AE and silicon E counters, (a) Two-
dimensional plot of AE vs E showing distinct ridges for
the different elements. The valleys between elements
have been adjusted to zero in order to make the ridge
lines clear. (b) Analog particle identifier spectrum for
fragments with energies between 5 and 10 MeV.

signals also started and stopped a time-to-am-
plitude converter whose output was recorded event
by event so that a tight time resolution and correc-
tion for accidentals could be obtained in the off-line
analysis. The lower level of the E detector single
channel analyzer was set at 1 MeV for the carbon
and aluminum targets, 4 MeV for the silver tar-
get, and 5 MeV for the uranium target. A pile-up
rejector was also used on the E detector. A plot
of AE vs E for the aluminum target data is shown
in Fig. 1(a). The maxima in AE of the ridge lines
for the low-energy heavier fragments is caused

by the neutralization of the ions as they slow down.
An analog particle identifier (PI) was available

on line, and as seen in Fig. 1(b), all the elements
were clearly resolved. In addition, the isotope

"Be could be resolved from the other Be isotopes.
The final analysis was done event-by-event with
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the digital PI algorithm used previously.®® The
constants of the algorithm were adjusted for groups
of about six elements at a time.

The targets were oriented so that a perpendicu-
lar to their surface was at 55° with respect to the
beam. The carbon target was a polystyrene film,
70 pug/cm? thick for the gas telescope and 410 ng/
cm? thick for the silicon telescope measurement.
The aluminum target was a sheet of hammered
aluminum 170 pg/cm? for the gas telescope mea-
surements. X-ray fluorescence showed the im-
purities in these targets to be mainly Fe, Cu, and
Zn. However, the total impurities were less than
0.2% for the polystyrene and 0.6% for the hammered
aluminum, and are not thought to have affected the
data. For silicon telescope measurements high
purity foil was used. The silver target was an
evaporated film 530 pg/cm? thick mounted over a
hole in a 0.0006-cm thick Mylar foil. The urani-
um target was 720 pg/cm? of UF, vaporized onto
a 0.0006-cm thick Mylar backing. Products lighter
than F were not recorded for the UF, target.

In order to obtain better statistics at 90°, the
gas telescope was positioned only 12 cm from the
target; these data were later renormalized to the
90° data taken at the distance of 29 cm used to.
obtain the angular distributions. The gas tele-
scope data were normalized to the silicon tele-
scope data at each angle. The absolute normal-
izations were done in different ways. For the
carbon target data at 2.1 GeV the 90° "Be particle
spectrum was matched to the data of Greiner et
al.,® and then both sets of data were renormalized
so that the integrated "Be cross section was equal
to the radiochemically measured value of 10.0
mb.3*35 At 4.9 GeV the "Be from carbon cross
section is 9.4 mb (Refs 34 and 35) and the data
were reduced by the ratio 9.4/10.0 assuming that
the unmeasured low-energy part of the spectrum
has the same shape. For the aluminum target
data the integrated "Be cross section was normal-
ized to 8.4 mb (Refs. 34 and 36) at both energies.
These radiochemical cross sections are probably
accurate to £10%. For the silver and uranium
targets the Na data were normalized to our pre-
vious results.!"3

III. RESULTS

Fragment energy spectra at 90° in the laboratory
for carbon irradiated by 2.1-GeV protons are
shown in Fig. 2. The data obtained with 4.9-GeV
protons are exactly superimposable, both with
respect to shape and relative yields of the differ-
ent products. In one of the replicate measurements
the telescope angle must have been accidentally
set at slightly less than 90° and the C spectrum
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FIG. 2. Measured energy spectra at 90° in the labora-
tory for fragments from a C target irradiated by 2.1-
GeV protons using the gas telescope. The ‘He spectrum
above 6 MeV was measured with a silicon telescope.
The dashed lines represent the 2.1-GeV/nucleon C on
hydrogen fragmentation data of Ref. 5. The solid lines
are fits to the spectra using the functional form de-
scribed in the text with the parameters given in Table
I1I.

showed a large increase at low energies due,
surprisingly, to !2C elastic recoils®’; the data were
disregarded. The "Be energy spectra at three
angles to the beam are shown in Fig. 3 as an ex-
ample. At 4.9 GeV, data were obtained at five
angles. The activation measurements for 'C which
have been done® cover energies only up to 3 MeV
which is below the range of our present data.

The 90° energy spectra of fragments from an
aluminum target irradiated by 4.9-GeV protons
are shown in Figs. 4 and 5. In Fig. 4 individual
isotopes obtained with the silicon telescope are
shown with extensions to lower energies for *He
and "Be obtained by the gas telescope. In Fig. 5
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FIG. 3. Energy spectra of "Be fragments from a C
target bombarded with 2.1-GeV protons measured at
20, 90, and 160° in the laboratory. The dashed and solid
lines have the same meaning as those in Fig. 2. The
solid lines are normalized at 90° only.
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FIG. 4. Measured energy spectra of individual iso-~
topes at 90° in the laboratory from an Al target irrad-
iated by 4.9-GeV protons using a silicon telescope to
obtain isotope resolution. The ‘He and "Be spectra have
been extended down to lower energies using the gas tele-
scope data.
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FIG. 5. Measured energy spectra of the different ele-
ments and ‘He and "Be at 90° in the laboratory from an
Al target irradiated by 4.9-GeV protons using the gas
telescope to measure the low-energy part of the spectra
and a silicon telescope to measure the higher-energy
part of the spectra for elements up to carbon. The solid
lines correspond to fits to the spectra using the function-
al form described in the text with the parameters given
in Table III. The dashed line for Na is to guide the eye.

the gas telescope data, which only had element
resolution except for *He and "Be, are shown to-
gether with extensions to higher energies with
data from the silicon telescope. Energy spectra
at five angles are shown in Figs. 6 and 7 for p,
He, Li, and Na products. The data at 2.1 GeV
are extremely similar but were only obtained at
three angles.

Moskaleva?! has reported observing very-high-
energy **Na fragments in the forward hemisphere
from thick target recoil experiments of Al irradi-
ated by 660-MeV protons. The reported energy
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FIG. 6. Energy spectra in the laboratory of protons
and ‘He fragments from an Al target irradiated by 4.9-
GeV protons.
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FIG. 7. Energy spectra in the laboratory of Li and Na
fragments from an Al target irradiated by 4.9-GeV pro-
tons. The back angle data for Na were not statistically
significant enough to plot.
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FIG. 8. Measured energy spectra at 90° in the labora-
tory for fragments from an Ag target irradiated by 4.9-
GeV protons. Each successive element is suppressed
by a factor of 2. The dashed line corresponds to data
from Ref. 1. The solid lines are fits to spectra using
the functional form described in the text using parame-
ters from Table IV.
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FIG. 9. Measured energy spectra at 90° in the labora-
tory for fragments from a U target irradiated by 4.9-
GeV protons. Each successive element is suppressed
by a factor of 2. The solid lines are fits to the spectra
using the functional form described in the text with
parameters from Table IV. At low energies, where
this functional form is not applicable, the dashed lines
are to guide the eye through the data.

spectrum drops only a factor of 10 from the peak
out to 70 MeV. This is clearly inconsistent with
the data in Fig. 7 as well as the previous thin tar-
get recoil experiments.!?

The 90° energy spectra for fragments from sil-
ver are shown in Fig. 8. For this target data were
only collected at 90°. Although the data extend to
considerably lower energies than our previous
work,? the peaks in the spectra can only be seen
for products up through Ne. Surprisingly, it does
not appear that the peaks are moving to higher
energy with increasing Z of the fragment; this will
be discussed further below. The ?*Na radiochemi-
cal measurements®® appear to peak at about 17
MeV, which is somewhat lower than the Na data
in Fig. 8 would indicate.

The 90° energy spectra from uranium are shown
in Fig. 9. The peaks are clearly defined all the
way through Ar, although the energy cutoff was
not as low here because of interference from fis-
sion fragments. As an example, energy spectra
for Na at three angles are shown in Fig. 10. The
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FIG. 10. Energy spectra of Na fragments from a U
target bombarded with 4.9-GeV protons measured at
20, 90, and 160° in the laboratory. The solid lines are
fits to the spectra, normalized at 90° only, using the
functional form described in the text with parameters
from Table IV.

S,

Na energy spectra obtained with 28-GeV incident
protons®® exhibit more filling in at low energies
making the peaks less clearly defined.

IV. FUNCTIONAL FORM

It is desirable to fit the large amount of graphi-
cal data to a simple functional form with a rela-
tively small number of parameters. Hopefully,
these parameters will have some physical signifi-
cance. Also, it is then easier to extrapolate to
the unmeasured parts of the energy spectra for the
purpose of obtaining integrated cross sections.
Traditionally, the energy spectra of fragments
emitted in the bombardment of medium and high
mass target nuclei by high-energy protons have
been fit using the functional form?®

p(<)=f”"“(e-ka)e'(e-w)/*dk (e>kB), (1)
k

=(k)=A

where € is the fragment kinetic energy in the sys-
tem of the struck nucleus, B is the Coulomb bar-
rier between the fragment and the residual nuc-
leus, () is the nominal barrier fraction, A is the
smearing parameter, and 7 is the temperature.
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The preexponential factor € — kB actually arises
from the product of a Coulomb barrier penetration
factor 1 - kB/€ times the € of the expression €
exp(-€/7). The kB in the exponent is for normal-
ization. Parameters of this equation which have
been fitted to data have been reported by several
authors,!3:24:38

A slightly different functional form is proposed
here using Maxwell - Boltzmann distributions involv-
ing the square root of the energy instead of the
first power in the preexponential factor in direct
analogy to the available projectile fragmentation
data® and to thermodynamic models such as the
nuclear fireball model.®® This functional form,
with properly adjusted parameters, reproduces
the shapes of the energy spectra of fragments
from the targets considered here, and will be de-
rived and described in detail below.

Greiner et al.’ have studied the projectile frag-
mentation of 2.1 GeV/nucleon '2C ions on various
targets. By studying both C and CH targets they
extracted the cross sections for a hydrogen target.
These results have been presented as distributions
in momentum parallel to the beam direction, p,,
in the projectile rest frame. The projectile frag-
mentation data for C+p—~ "Be are shown in Fig.

11 along with the Gaussian fit to the data reported
by Greiner et al.® This Gaussian momentum dis-
tribution is expressed as

do 0,

29 -___To_ axpl-teie 0%/ 2o, 2] 2
dp, (@m/%, P T &

where o, is the cross section, o, is the standard
deviation or width, and (p,) is the displacement
from the projectile momentum. If the perpendic-
ular momentum distribution is also Gaussian with
the same width, as is consistent with the data of
Greiner et al.,® the corresponding kinetic energy
(E) distribution in the '2C rest frame is

d?g =°2j<170' 2>-3/2\/'E_

dEAQ m
x exp[-m(E + E, - 2VEE, cos0)/0,2] ,  (3)

E ={p*/(2m),

where 0 is the angle in the *3C frame and c has
been taken equal to 1. In this form, the equation

is immediately recognized as a Maxwell-Boltzmann
distribution moving relative to the 2C frame. The
interaction of two bodies must be the same when
the roles of target and projectile are reversed,

as long as the relative velocity of the two bodies
remains the same. Thus when !2C is the target

the above equations must apply to the laboratory
frame.

Using the parameters given in Ref. 5 for 2.1
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FIG. 11. Measured momentum distribution of "Be
fragments from the fragmentation of 2.1-GeV/nucleon
12C on a hydrogen target from Ref. 5. The dashed line
represents their Gaussian fit to the data with 0y=8.8 mb,
O, = 145 MeV/c and (p;)=—-49 MeV/c. The solid line
stands for the transformation to momentum space of
the functional form described in the text which fit the
measured energy spectra of 'Be fragments from a C
target irradiated by 2.1-GeV protons.

GeV/nucleon *2C on hydrogen, our data for 2.1-
GeV p+'8C can be compared directly to the pro-
jectile fragmentation results. Since our data only
have element resolution, the results of Eq. (3) are
summed using the measured cross sections®® for
the various isotopes of a given element. In Fig. 2,
the measured data for fragments at 90° in the lab-
oratory from '2C irradiated by 2.1-GeV protons
are compared with the projectile fragmentation
data as above. A similar comparison is made for
"Be fragments at 20°, 90°, and 160° in the lab in
Fig. 3. In both cases, there seems to be a low-
energy component corresponding to the measured
projectile fragmentation results on which is super-
imposed a high-energy tail. Such an effect has
also been seen in emulsion data.*® Since the pro-
jectile fragmentation is represented by a Maxwell-
Boltzmann distribution, it seems that the data can
be represented by the sum of two Maxwell-Boltz-
mann distributions.

The data for fragments from Al also demonstrate
this two component structure. However, the data
for fragments from Ag and U show further charac-
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teristics. A very noticeable Coulomb barrier peak
is evident, and as found previously,® a large a-
mount of smearing is evident in the spectral shape.
In addition, the Coulomb barrier peak of the heav-
ier fragments from Ag seems to stop increasing
with nuclear charge of the fragment in contrast
to the case for fragments from U. This is probably
because the mass of the fragment is becoming
comparable to the mass of the recoiling residue
which carries off significant amounts of the kin-
etic energy. Thus the kinematics of a two-body
breakup is indicated. This is reasonable for the
heavy targets where there is likely to be a heavy
residue and was included® in the application of Eq.
(1) but had little effect for the cases previously
studied. For the light mass targets breakup into
several fragments with comparable mass should
be common. However, the highest energies are
most likely to come from the two-body breakups
and the lower kinetic energy fragments are not so
sensitive to the kinematics.

A functional form is proposed incorporating the
following features:

1. Sum of two different Maxwell- Boltzmann distri-
butions.

2. Two-body breakup kinematics.

3. Inclusion of a Coulomb barrier and smearing.
4. Proper normalization to allow the extraction of
cross sections.

The Maxwell - Boltzmann distribution in the moving
frame can be written as
d% 0y
dE*dQ* " 2(x7 )*7?

‘/ET exP("E*/Tl) ’ (4)

where E* is the kinetic energy available in the two-
body breakup, o, is the cross section, and 7, is

the temperature. The correction for the recoil

of the residual nucleus is made by multiplying the
energy by

v=Ar/(Ap=A), (5)

where A and A, are the mass numbers of the frag-
ment and the nucleus which is assumed to break up,
respectively. The Coulomb barrier penetration
factor 1 - 2B/(vE) should multiply VE¥ in Eq. (4).
However, this makes the normalization very cum-
bersome. As will be shown below it makes very
little difference and is easier to simply shift the
energy by kB as

E*=yE’'— (£),B,

) 2(Z,-2)& (6)
T1.44 [AYV34(Ap-A)3]

B

where E’ is the kinetic energy in the frame which

will be assumed to be moving with velocity B; with
respect to the lab, Z and Z , are the atomic num-
bers of the fragment and of the nucleus assumed
to break up, respectively, and (), is the nominal
barrier fraction. The energy distribution in the
moving frame becomes

d%g 1

1 k=(R)j+A Vo
dE'dY " 28 Sy ra

Bar 72 E BB
i

x exp[~(VE’ - kB)/T Jdk ,
(E'>kB/v), (a<(k)), (7)

where A is the smearing parameter. If smearing
is not used, the integration over % should be ig-
nored, and the expression evaluated at 2= (¢),. The
mean of this expression is (37/2 +£B)/v and the
maximum occurs at (7/2+kB)/v. The laboratory
distributions are found by transforming from the
moving frame and summing the two components,

d*c _ 12 d%0

dm—m.z (B/E) dE'Q"’

(8)

E'=E +3mB? - B,(2mE)*/? cosb,,,,

where E is the laboratory fragment kinetic energy
and m is the fragment mass.

Thus, the parameters to be determined are 8,,
By Tyy Tay (B)y, (B)2, 0y, 0,, and A. The parame-
ters o, and 0, are more easily discussed in terms
of the overall normalization A and the ratio be-
tween the two cross sections R:

A=o0,+0,,

R=0,/0,. (9)

The index 1 is identified with the low-energy, low-
B, low-T1 part of the spectra, while index 2 refers
to the high-energy, high-B, high-7 part of the
spectra. The general method of adjusting para-
meters is as follows. The emitting nucleus is
known, fixing Z ,and A,. For the Ag and U targets,
the emitting nucleus was selected in accordance
with Refs. 1 and 3, where the breakup was taken to
occur after a fast cascade stage which ejected sev-
eral nucleons, leaving an excited residual nucleus.
The residual nuclei were taken to be ®®Tc and 22°Rn
for Ag and U, respectively. The target was taken
as the emitting nucleus in the case of C and Al.
The two temperatures 7 and barrier fractions (&)
are adjusted at 90° with the two velocities 8 then
being adjusted to reproduce the spread between the
20° and 160° spectra. The ratio of high-energy to
low-energy cross reactions, R, is then adjusted
so that the sum of the two different distributions
add up to give the correct shape of the spectra.
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TABLE III. Fitted parameters of functional form (see text) for energy spectra of fragments

from C and Al targets.

Target Product By Ty (k) By Ty (kX R
C ‘He 0.0067* 4.5 0.0 0.013 13 0.45 0.8
Li 0.0062 5.5 0.0 0.013 14 0.45 1.5
"Be 0.0075%* 5.5 0.0 0.013 14 0.45 1.0
%Be 0.0045* 6.0 0.0 0.013 14 0.45 2.0
10ge 0.00322 6.0 0.0 0.013 14 0.45 2.0
] 0.00522 6.5 0.0 0.013 14 045 2.0
10 0.0038% 6.5 0.0 0.013 14 0.45 2.0
iig 0.00222 6.5 0.0 0.013 14 0.45 2.0
°c 0.0051 7.0 0.0 0.013 14 045 2.0
10 0.0045% 7.0 0.0 0.013 14 0.45 2.0
e 0.0039% 7.0 0.0 0.013 14 0.45 2.0
Al ‘He 0.005 4 0.45 0.008 12 0.45 0.7
Li 0.005 7.5 0.45 0.008 12 0.45 2.0
"Be 0.005 7.5 0.45 0.008 12 0.45 2.0
9:10g¢ 0.005 7.5 0.45 0.008 12 0.45 0.5
B 0.005 7.5 0.45 0.008 12 0.45 1.3
c 0.005 7.5 0.45 0.008 12 0.45 0.7
N 0.005 7.5 0.45 0.008 12 0.45 0.7
e} 0.008 12 0.45

F 0.008 12 0.45

Ne 0.008 12 0.45

2From Ref. 5.

Smearing A is introduced if necessary. Some it-
eration is necessary to achieve good visual fits
to the data.

The fitted parameters for the measured frag-
ments from C, Al, Ag, and U targets are given
in Table III and Table IV. Since no isotopic reso-
lution was obtained, the mass of the fragment was
assumed to be that of the most stable isotope.
However, in the case of the heavier fragments
from C, there was a very strong dependence of
the functional form on the fragment mass and thus
the calculations were summed over the isotopes
in this case only.*

V. PARAMETER FITS TO THE DATA

The solid lines in Figs. 2, 3, 5, 8, 9, and 10
represent the calculations done with the parame-
ters as given in Tables III and IV. For the most
part the fits are quite reasonable. For the Al tar-
get in Fig. 5 the increasing steepness of the curves
with increasing Z is explained with a constant tem-
perature (see Table IIT)by the two-body kinematics.
For the Ag target in Fig. 8 the surprising shift of
the peak energy is also explained by the two-body
kinematics.

However, in Fig. 9 the curves have a hump on
the high side of the peak which is not in the data.
This is because of the rectangular smearing func-

TABLE IV. Fitted parameters of functional form (see

text) for energy spectra of fragments from Ag and U

targets.
Target  Product Bs Ty (R), A
Ag B? 15 0.3 0.3
c? 15 0.3 0.3
N2 15 0.3 0.3
O 15 0.3 0.3
F 15 0.3 0.3
Ne 15 0.3 0.3
Na 16 0.3 0.28
Mg 16 0.3 0.28
Al 16 0.3 0.28
Si 16 0.3 0.28
P 16 0.3 0.28
S 16 0.3 0.28
Cl 16 0.3 0.28
Ar 16 0.3 0.28
U F 0.006 14 0.55 0.28
Ne 0.006 14 0.55 0.30
Na 0.006 14 0.54 0.28
Mg 0.006 14 0.54 0.30
Al 0.006 14 0.53 0.28
Si 0.006 14 0.48 0.30
P 0.006 14 0.49 0.28
S 0.006 14 0.49 0.30
Cl 0.006 14 0.50 0.28
Ar 0.006 14 0.51 0.30

2Fit to data from Ref.
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tion with width 2A which was used. Probably a
better procedure would have been to accomplish
the smearing by performing a convolution with a
Gaussian whose FWHM was 0.68 times 2A. Although
the low-temperature barrier fraction (&),, is de-
termined to be zero for carbon by the data of
Greiner et al.,’ the turnover of the lowest-energy
points in Fig. 5 for He and Li fragments indicates
a nonzero value of (¢), for aluminum as shown in
Table III. Figure 10 shows that the fragments
from the heavy targets have a more forward peaked
angular distribution than the model allows, as has
been pointed out previously.?

In Fig. 11, the fit to the "Be energy spectra
given in Fig. 3 is transformed to p, using the equa-
tion

_@o __sinb d?o_ (10)
dp dpdp m dEAQ
and integrating over p, and ¢. Note that this fit
to the entire energy spectrum, when displayed vs
b, deviates somewhat from the Gaussian fit at
high |p,| where the high-energy tail contributes
to the energy spectra. This discrepancy is also
evident in Fig. 2 where it can be seen that our data
lie above the dashed lines which represent the data
of Greiner et al.® This may be because the small
angular acceptance of their spectrometer some-
what reduced the efficiency for the larger trans-
verse momentum fragments.

By comparing Eqgs. (3) and (7), (8) one can see
that

T=v0'p“2/m, (11)
B={py/m. (12)

Therefore the dependence of the widths, o, , of
these momentum distributions can be obtained from
Egs. (5) and (11) as

O'P":"\[Wl—o [.A(AT—A)T/AT ]1/2’ (13)

where m, is the nucleon mass. This equation has
been derived by Goldhaber.** When compared to
the dependence first reported by Greiner et al.®

sy~ %o [4A(AT"A)/Ar2 2 (14)

it can be seen that the fragment mass dependence
is the same, but that the target (or projectile)
mass dependence is somewhat different. In fact,
in comparing the fragmentation of carbon and oxy-
gen Greiner et al.® found that o, of Eq. (14) was
not constant but that 7 of Eq. (13) was constant,

as is also found to be approximately true when
comparing the carbon and aluminum parameters

in Table III.

The interpretation of the low temperature com-
ponent may be that it results from the Fermi mo-
mentum in the nucleus which is breaking up. This
has been pointed out by Goldhaber*? and again re-
cently by Gelbke et al.*®* They show that the tem-
perature is then related to the Fermi momentum
prby

T=p:2/(5m,). (15)

A Fermi momentum of 200 MeV/c would corres-
pond to a temperature of 8.6 MeV, which is of the
order of the observed low temperature compo-
nents. Such an explanation is then also consistent
with the limiting fragmentation and factorization
concepts observed in projectile fragmentation.
For the high temperature component which domin-
ates for heavy targets the concept of factorization
is clearly not applicable.*®

The U data in Fig. 9 were also fitted with the old
functional form® which has a preexponential term
of E instead of VE . The fitted temperatures were
the same because they are insensitive to the pre-
exponential term. However, with the present func-
tional form the (¢) and A values are about 15%
larger. Comparing with the proper barrier pene-
tration factor 1-£B/(vE), with the VE preexponen-
tial, the differences would be in the same direction
but even smaller. Thus the value of 0.3 for the
barrier fraction given for the silver data in Table
IV is surprisingly low, independent of functional
form.

In order to test the range of validity of the new
functional form a few other examples of data from
the literature have been fitted with it. The counter
telescope measurements® of Li from Ni at 60°
were nicely fitted with only the high temperature
component. The emitting nucleus was chosen as
**Fe and B, as 0.008. The parameters fitted were
T,=14 MeV, (£),=0.35, and A=0.2, as one would
interpolate from Tables III and IV. The 2*Na from
Bi radiochemical measurements?’ at 90° were per-
fectly fitted with 7,=14.5 MeV, (k),=0.4, and A
=0.28, as one would expect from Table IV. (The
emitting nucleus was taken to be '®Pt as in the
original work.?”) From the forward and backward
angle shift of the energy spectra a value of
=0.0066 + 0.0009 had been deduced?” which also
agrees nicely with Table IV. The momentum spec-
tra of high-energy fission fragments®* are nearly
Gaussian and therefore might also be fitted with
the present functional form.

The cases we have considered so far are either
the breakup of a light system or fragment produc-
tion from a heavy target. In both instances the
approximation of two-body kinematics which we
use seems reasonable. Let us now consider some
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cases where this is obviously not reasonable:
spallation residues formed from multiparticle
emission. In the differential range measurements*’
of 2*Na from Al the peak position is surprisingly
fitted by a (&) of 0.45 as in Table III, although this
reaction is clearly not a two-body breakup. How-
ever, the ?*Na recoil energy has long been thought
to be anomalously large!™?° and is still not under-
stood. For this reaction, the g values deduced'™?°
are about 0.003, considerably smaller than those
in Table III. Lastly, let us consider a deep spall-
ation reaction: '**Tb from Au. The average re-
coil energy® is about half what is calculated by the
present formalism showing the limitation of the
method.

It has long been known? that the energy spectra
of the lightest fragments from heavy targets ex-
hibit a break at high kinetic energy, with the flat-
tening of the spectra indicating still higher appar-
ent temperatures of about 20 MeV. This was par-
ticularly evident for the neutron deficient isotopes
which are the lightest isotopes of each element.
This effect is several orders of magnitude more
prominent in irradiations with relativistic heavy
ions,* and has recently been satisfactorily des-
cribed by the coalescence of cascade nucleons®®
or by nucleosynthesis in the fireball.”” Even near

G. D. WESTFALL et al.

the evaporation peak for light fragments from a
uranium target the apparent temperatures are con-
siderably higher when the reaction is induced by
relativistic heavy ions.’®

VI. CROSS SECTIONS

The integrated cross sections are of considerable
interest. For the uranium target the energy spec-
tra were sufficiently complete so that, with small
extrapolations, they could be integrated, and the
resulting angular distributions integrated. The
cross sections obtained from uranium are shown
in Table V together with those previously obtained®
for the lighter fragments. For the silver data it
was necessary to extrapolate to lower energies
using the functional form described in the previous
section and, because measurements were only
made at 90° , it was necessary to assume that the
cross section was 47 times the 90° value. This is
a valid assumption as long as the angular distribu-
tion is symmetric about 90° in the laboratory,
which is generally the case. These cross sections
together with some from our previous work,! and
some fits to our previous data,' are given in Table
V. Also indicated is the fraction of the cross sec-
tion which was experimentally measured. The

TABLE V. Cross sections in mb for fragments produced by irradiation with 4.9-GeV pro-
tons. The percent of the total cross section which was measured is given in parentheses. At
2.1 GeV the Al cross sections are the same but the carbon cross sections should be raised by

the factor 10/9.4.

Product Target C Ag U
He 1672 4142 (95) 2390° 4400°
Li 24 31 (95) 139°® 301°¢
"Bed [9.4] [8.4] (90) [17.4°] [17.6°]
%10ge 8.6 6.9 (80) 25.5° 110°¢

B 43 20  (80) 62° (40) 117°¢
C 27 31 (65) 74 (40) 96°
N 22 (50) 46°  (60) 64°
0 28  (25) 35! (85) 47°¢
F 14 (15) 31t (85) 28
Ne 16 (10) 31f (80) 25
Na Mf  (80) 22
Mg 8.31 (80) 27
Al 10.1% (65) 22
si 8.51 (65) 24
P 6.2 (60) 22
s 6.3% (60) 23
Cl 5.81 (40) 20
Ar 5.4 (40) 21

a4He only.

PFrom Ref. 1.

¢From Ref. 3.

9Radiochemical measurements used for normalization.

®From fit to data from Ref. 1.

fObtained from the 90° differential cross section by multiplying by 4.
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FIG. 12. Cross sections as a function of Z for the
four targets studied. More information is given in
Table V.

same fitted cross sections and fraction measured
are given for the aluminum target. This represents
almost the entire charge yield curve for the spall-
ation of aluminum. However, from the known
activation data on the production of ?*Na and %‘Na
the cross sections must increase at higher Z. In
fact the O to Ne cross sections are probably low
because of the inability to fit the low temperature
component. Indeed, the sum of the cross sections
from Li through Ne is only 177 mb, which is less
than half of the total reaction cross section of 400
mb.*® For the carbon target the integrated cross
sections reflect mainly the data of Greiner et al.,’
but include the contribution of the high-energy tails
measured in this work. Also the data have been
renormalized to agree with the "Be activation mea-
surement3*35 and therefore differ slightly from
Lindstrom et al.%®

All four charge yield curves are shown in Fig.
12. There appears to be an odd-even effect in Z,
especially for the Al target. Also the yield of
beryllium is low because of the particle instability
of ®Be as noted previously.?

VII. CONCLUSIONS

A uniform treatment of the energy spectra of
nuclear fragments from both light and heavy tar-
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gets, as well as from projectile fragmentation,

has been attempted here. The data are consistently
described as the sum of two Maxwellian distribu-
tions. These distributions are shifted along the
beam direction by velocities 8 of 0.002 to 0.013

in units of ¢. The nominal Coulomb barrier frac-
tions (¢) when compared to tangent spheres with a
radius parameter of 1.44 fm, are 0.3 to 0.55. The
low temperature Maxwellian has a temperature of
4.5 to 7.5 MeV, but is suppressed by the Coulomb
barrier for the heavy targets. For all the targets
there is a high temperature component with tem-
perature of 12 to 16 MeV. The average parameters
for each target are given in Table VI.

Two-body kinematics was incorporated into the
functional form of the fitting procedure. This does
not imply that there are only two products in every
final state. For the heavy fragments from heavy
targets, several nucleons accompanying the frag-
ment would not affect the essentially two-body
character of the breakup, especially if the nucleons
are emitted from the other body. For the light
targets it is clear that the highest energy frag-
ments must come from two-body breakups. Al-
though these may represent a small fraction of the
total cross section, they will dominate the high-
energy parts of the energy spectra, where the
two-body assumption is most necessary.

In order to obtain a consistent treatment it was
necessary to use a Maxwellian distribution func-
tion with a preexponential factor of vE, in contrast
to the preexponential factor of E derived by Weiss-
kopf®® forty years ago. The preexponential factor
has been clearly determined by the data of Greiner
et al.’ for light systems as vE. For the heavy
systems the strong effect of the Coulomb barrier
makes it difficult to distinguish between these
two forms, thus allowing VE to be an adequate des-
cription for all systems. Goldhaber® points out
that the VE function is a Maxwellian distribution
inside a volume, and the E function of Weisskopf
contains an extra velocity factor for the emission
from a surface. Thus the vE function is reasonable
for the breakup of a light system® and for the nu-

TABLE VI. Average values of the parameters g, the
velocity of the emitting system, 7, the temperature, and
(k), the nominal barrier fraction, for the low (1) and
high (2) temperature components.

Target By 71 (MeV) B, T, (MeV) (k)
C 0.005 6.5 0.013 14 0.45
Al 0.005 7.5 0.008 12 0.45
Ag “e 0.0062 153 0.3
U e 0.006 14 0.5

2From Ref. 1.
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clear fireball.®® The E function is more reasonable
for the evaporation from the surface of a heavy
system, but in practice is not significantly differ-
ent because of the effect of the Coulomb barrier.
Because the targets used in this study span the
range from light to heavy nuclei the results may
be used to unify the pictures of target and project-
ile fragmentation, which have previously appeared
to be two quite distinct processes. The differences
arise because the low temperature component is
dominant in the spallation of light targets and the
projectile fragmentation studies which have been
done so far. The high temperature component is
dominant in the fragmentation of heavy targets.
However, both components are evident in the data
from the aluminum target, and even for the carbon
target, there is a small amount of the high tem-
perature component which was missed in the mea-
surements of Greiner et al.® The low temperature
component may be interpreted as the Fermi mo-
mentum due to a sudden breakup process, while
the high temperature component is surely the re-
sult of high deposition energies in the emitting

nucleus. The low temperature component may also
be thought of as resulting from peripheral colli-
sions which dominate for light nuclei, and the high
temperature component as resulting from central
collisions. For heavy nuclei peripheral collisions
do not give rise to the fragments studied here,

but probably emit only a few nucleons, or fission
in the case of uranium. The apparent limiting tem-
perature of about 8 MeV observed in projectile
fragmentation studies,* is because the projectiles
have not yet been heavy enough to observe the

high temperature component.
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