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ENERGY SPECTRA OF NUCLEAR FRAGMENTS
PRODUCED BY HIGH ENERGY PROTONS

G. D. Westfall, R. G. Sextro, A. M. Poskanzer,
A. M. Zebelman,* G. W. Butler,'” and E. K. Hyde

Lawrence Berkeley Laboratory
Berkeley, California 94720

ABSTRACT _

Fragment energy spectra from the 2.1- and 4.9-GeV proton ifradiation
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
fromvprojectile fragmentation studies. A Maxwellian type 'functional form
which fits the energy spectra from all the targets is presented. The
speétra were integrated ta 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,8), X = He to C.
Al(p,X), E = 2.1, 4.9 GeV; measured 0(E,0), X = He to Na. Ag(p,X),
E = 4.9 GeV; measured 0(E,90°), X = N to Ar. U(p,X), E = 4.9 GéV;

measured 0(E,0), o(X), X = F to Ar. Spallation, fragmentation.



TI. 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 emitted

Ve

fragments. In this paper improved experimental technique has allowed /r

/

the extension of measurements to lower kinetic energies and to heavier /

H
fragments. Our previous studies of the energy spectra of fragments J

2,3 targets by 5 GeV protons were

produced from silver,l’2 and uranium
limited by a low energy cut off in the measurements because of the
thickness of the silicon AE detectors used in the telescopes. This

cut’ off ranged from about 1.5 MeV/nucleon for the lighter fragments

up to 3 MeV/nucleon for Ar fragments,'and prevented the observation of

the "evaporation" peak in the energy spectra for these heavier fragments
from silver and uranium targets. Since it was difficult to obtain

thinner silicon detectors with the required uniformity, the present

study used a gaseous ionizatién 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 original
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
realized, tﬁis new lqw energf cut off with only Z resolution made it
interesting to also make measurements of spallation residues from

light targets such aé 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 étudied by the technique of projectile fragmentation.5 The

rather complete data from the aluminum target should allow comparison



with theory, such as cascade-evaporation calculations. Both sets of
data should be.of astrophysical interest. The fragments from the '
heavier targets are of intgrest in understanding the statistical break
up of highly excited nuclei.

| In addition a functional form is presented wﬁich 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 energy
spectra to obtain cross sections. The physical sighificance of the

parameters is discussed.

Energy spectra of fragments from reactions induced by high energy

protons have been studied by many techniques in the past. From a carbon
target 8Li has been measured with nuclear emulsions, ’ and llC by

activation techniques.8 Thick target recoil techniques have also been

usedg’10 for llC. Counter telescope experiments using the AE-E technique

are summarized11 in Table I. (See also Ref. 12). At lower incident

13,14

energies time of flight téchniqués have been used. Studies have

also been done on a boron target using counters15 and an oxygen target

. . 1 . . - ' '
using emu181ons.A6 From an aluminum target 8L1-has also been studied6’7

11,12

and counter telescope e§periments have also been performed. The

. 2 L .
production of 4Na from aluminum has been extensively studied by radio-

. . . 17-21 .
active recoil techniques. ~  Surveys of the literature for the silver

and uranium targets are contained in Refs. 1 and 3, respectively. More

22-26

recent counter telescope experiments are summarized in Table I.

o 27- o
Thin target 7-29 (C1, v, Gu, Ag, Bi) and thick target30 (Au, U) radio-

chemical recoil measurements have been performed for 24Na;
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'II. EXPERIMENTAL
The experiments were done at two different times. The measure-
ments for the aluminum target with silicon detectors were performed at

1,3 and the

the same time as the previouél? published Ag and U dafa,
details for these expefiments have already been described.3 The silicon
telescope measuremeﬁts.for the carbon target are more recent buf were
done in the séme way. Ail the silicon telescopes used are described

in Table II. The measurements with the gas ionization chamber will be
described here in more detail.

The gas telescopa, which consisted of a gas AE Countér and a
silicon E counter,’was a copy of the one developed by Fowler and Jared.31
It consisted of a Frisch grid ionization chamber as the AE detector
witﬁ 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 laminations of Formvar with
a total thickness of 50 ug/cm2 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 77 methane at a pressure of 50 torr. The
resulting thickness of the AE counter Qas 0.76 mg/cmz, equivalent to
about 3 um of silicon; The gas flow wés abdut 0.6 torr-liters/sec.

The pressure was stabilized to il% by a Cartesian manostat and read
remotely by a pressure transducer connected to a.digital voltmeter.
The ionization chamber anode plate was operated at +350 volts, and the

grid at +80 volts. At this pressure the plate voltage plateau was at

least 200 volts wide and the grid voltage had considerableAleewaybon
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either sidé of its value. The energy calibration.was obtained using
a pulser and a reference capacitor whose value was calculated assuming
26.1 ev/ion—pair32 for this argon-methane mixture. The calibration was
accurately checked by raising the pressure to stop 6 MeV alpha particles
in ghe gas.

The first stage of ‘the AE ﬁreamplifier.was mounted inside the
gas counter; direcfly 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. Tﬁe electronic resolution measured with‘a
pulser was about 17 KeV full width at half maximum (FWHM). For alpha
particles the resolution (after root-mean-square subtraction of the
electronic resolution) was 9-127 FWHM for_energies deposited in the
counter from 450 to 150 keV. | |

The E detector was a nominal 100 um partially dgpleted silicon
surface barrier detector, 100 mm2 in area. The electronic coincidence
time resolution between the silicon and the anode was 23 ns FWHM. Since
the electron cbllection in the gas was perpendicular to the path of the
fragments,.the collection time depended upon the distance between the
particle path and the anode plate. Thué the time resolution for real
particles depended on the size of the entrance window, being 75 ns FWHM
for a 2 mm diameter window and 160 ns FWHM with the normally-used 8 mm
diameter window, in agreeﬁent 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 signals also started and stopped a time-to-

amplitude converter whose output was recorded event by event so that



a tight time resolution and correction 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 élumiﬁum targets,

4 MeV for the silver target, and 5 MeV for the uranium target. A pile-up
rejector was also used on the'E detector.A A plot of AE vs E for the
aluminum target data is shown in Fig. la. The maxima in AE of tﬁe_ridge
lines for the low energy heavier fragments is caused by the neutralization.
of the ions as they slow down. An analogue particle identifier (PI) was
available on line, and as seen in‘Fig. 1b, all the elements were clearly

resolved. In addition, the isotope 7Be could be resolved from the other

‘Be isdtopes. The final analysis was done event—By—évent with the digital

PI algorithm used previously.33 The constants of the algorithm were adjusted

for groups of about six elements at a time.

The targets were oriented so that a perpendicular to their surface
was at 55° with respect to the beam. The carbon target was a polystyrene
film, 70 ug/cm2 thick for the gas telescope and 410 ug/cm2 thick for the
silicon telescope.measurement. The aluminum target was a sheeé of
hammered aluminum 170 ug/cm2 for the gas telescope measurements. X-ray
fluorescence showed the impurities 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%Z for the hammered aluminum, and are not thought to
have affected the data. For silicon telescope measurements high purity
foil was used. The silver tafget was an evapprated film 530 ug/cm2 thick
mounted over a hole in a 0.0006 cm thick Mylar foil. The uranium target

was 720 ug/cm2 of UF4 vaporized onto a 0.0006 cm thick Mylar backing.

~Products lighter than F were not recorded for the UF4 target.
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In order to obtain better statistics at 90°, the gas telescope

was positioned only 12 cm from the target; these data were later

by

renormalized to the §0° data taken at the distance of 29 cm used to
obtain the angular distributions. The gas telescope data were ndrmalized
to Lhe silicon telescope data at_each angle. The.absolute-normalizations
were done in different ways. For'the_carbon targét-data at 2.1 GéV the
90° 7Be ﬁartiélé spectrum was matched to the data of Greiner et al,

and then both sets of data were renormalized so that the integrated 7Be
34,35

cross section was equal to the radiochemically measured value of 10.0 mb.

34,35

At 4.9 GeV the 7Be froﬁ carbon cross section is 9.4 mb 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

34,36
a

data the integrated 7Be cross section was normalized to 8.4 mb t

>

both energies. These radiochemical cross sections are probably accurate

to *10%. For the silver and uranium targets the Na data were normalized

. 1-3
to our previous results.
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ITI. 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 superimposeable, both with respect to
shape and-relative yields of the different products. In one of the
replicate measurements the telescope angle must have been accidentally
set at slightly less than 90° and the Cvspectrum showed a large increase
at low energies due, surprisingly, to 12C elastic recoils;37 the data
were disregarded. The 7Be energy spectra at three angles to the beam
are shown in Fig. 3 as an example. At 4.9 GeV, data were obtained at
five angles. The acfivatioﬁ measurements‘for llé 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 4He and 7Be obtained by the gas tele-
scope. In Fig. 5 the gas telescope data, which only had element resolu-
tion except for 4He and 7Be, are shown together 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.

Moskaleva21 has reported observing very high energy 24Na fragments
in the forward hemisphere from thick target recoil experiments of Al

irradiated by 660 MeV protons. ‘The reported energy spectrum drops only
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a factor of ten from the peak out to 70 MeV. 'This is clearly inconsistent
with the data in Fig. 7 as well as the previous thin targef reéoil experi-
ments.
The 90° energy spectra for fragments from silver are shown in
Fig. 8. Fof this target data were only collected at 90°. Although
the data extend to considerably lower energies than our previous work%’
Vthe peaks in the spectra canvonly be seen for products up through‘Ne.
Surprisingly, it does not appear that the peaks are moviné td higher
energy with iﬁcreasing Z of the fragment; this will be discussed further
below. The 24Na'radiochemicai measurements28 appear to péak 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 thfough Ar, although the energy
cut-off was not as low here because of interférence from fission frag-
ments. As an example, energy spectra for Na at three angles are shown
in Fig. 10. The Na energy spectra obtained with 28 GeV incident protons25

v

exhibit more filling in at low energies making the peaks less clearly

defined.

e 3



IV. FUNCTIONAL FORM
It is desirable to fit the large amount of graphical data to a

simple functional form with a relatively small number of parameters.
Hopefully, these parameters will have some physical significance. Also,
it is then easier to extrapolate to the unmeasured parts of the energy
spectra for the purpose of obtaining integrated crossvsections..vTradi—
tionally, 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 form3

k=<k>+A
-(e ~kB)/1
P(e) = (e - kB)e dk (& > kB) (1)
k = <k> - A

where € is the fragment kinetic energy in the system of the struck
nucleus, B is the coulomb barrier between the\fragment and the residual
nucleus, <k> is the nominal barrier fraction, A is the smearing parameter,
and f is the temperature.

The preexponential factor, e£-kB, actually arises from the produgt
of a Coulomb barrier penetration factor, 1-kB/e, times the € of the

expression € exp(-€/T). The kB in the exponent is for normalization.

Parameters of this equation which have been fit to data have been

reported by several authors.l’3’24’38

A slightly different functional form is proposed here using
Maxwell-Boltzman distributions involving the square root of the energy

instead of the first power in the preexponential factor in direct analogy



to the available projectile fragmentation data5 and to thermodynamic

38 This functional form,

models such as the nuclear fireball model.
with properly adjusted parameters, reproduces the shapes of the energy
spectra of fragments from the targets considered here, and will be
derived and described in detail below. |

Gfeiner, et ai.s have studied the projectile fragmentation of

2.1 GeV/nucleon 12C ions on various targeté. By studying both C and

CH targets.they extracted the cross sections for a hydrogen target.
These results have been pfesented as distributions in momentum parallel
to the beam direction, p” , in the projectile rest frame. The projec-
tile fragmentation déta for C+ p ~> 7Be»are shown in Fig. 11 along
with the Gaussian fit to the data reported by Créiner et‘al.5 This
Gaussian momentum distribution is expressed as

2

2
-(py -<p,>) /(20 )
a0 __ % " | .
doy (2%

Py . ’

where 06 is the cross section, 0  is‘the standard deviation or width,

and <%l> is the displacement from the projectile momentum. If the perpen-
diculaf momentum distriﬁution is also Gaussian with the same ﬁidth, as

is consistent with the data of Greiner et al.,5 the corresponding kinetic

energy (E) distribution in the 12C rest frame is

L]
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__ p
=7° —_ VE e l (3)

_ 2
EC - <p”> /(zm)

where 6 is the angle in the 12C frame and ¢ has been taken equal to one.

‘In this form, the equation is immediately recognized as a Maxwell-Boltzman

. . . . . 1 .
distribution moving relative to the 2C frame. The interaction of two

bodies must be the same when the roles of target and projectile are

reverséd, as long as the relative velocity of the two bodies remains
the same. Thus when 12C is the target the above equations must aéply
to the laboratory frame.

Using the parameters given in Ref. 5 for 2.1 GeV/nucleon 12C on
hydrogen, our data for 2.1 GeV p + 12C can be compared directly to the
pf&jectile fragmentation results. Since our data only have element
resolution, the results of eq. (3) are summed using the measured cross
sections39 for the various isotopes of a given element. In Fig. 2,
the measured data for fragments at 90° in the laboratory from 12C
irradiated by 2.1 GeV protons are compared with the projectile fragmenta-
tion data as above. A similar comparison is méde for 7Be 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 superimposed a high energy tail.
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Such an effect has also been seen in emulsion data.40 Since the projec-
tile fragmentation is represented by é Maxwell-Boltzman distribution,
it seems that the data can be represented by the sum of two Maxwell-
Boltzman distributiéns. |

The data for fragments from Al also demonstrate this two component
structure. However, the data for fragments from Ag and U show furtﬁer
characteristics. A.very noticeable Coulomb barrier peak is evident,
_and as fouﬁd prev:?.ously,'3 a lafge amount of smearing is evident in fhe
spectral.éhape. In addition,‘the Coqloﬁb barrier peak of'fhevheavier
fragments from Ag seems‘to stop increésing 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 cafries off significant amounts of the
kinetic 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 an& was included3 in the application of equation 1 but
had little effect for-the cases previously studied. For the light mass
targets break up into several fragments with comparable mass should be
common. However the highest energies are.moét likely to come from the.
two body break ups 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-Boltzman distributions.

2. Two body break up kinematics,
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3. Inclusion of a Coulomb barrier and smearing.
4. ‘Proper normalization to allow the extraction of cross sections.
The Maxwell-Boltzman distribution in the moving frame can be written as

~F*
2 o, E /Ti

d'o 1 /—*—' .
= E¥ e 4)
*)% .
dE*Q 2(mi)3/2

where E* is the kinetic energy available in the two—bédy break up, 0; is
the cross section, and T is the temperature. The correction for the recoil

of the residual nucleus is made by multiplying the energy by

V = Ap/ (Ap-A) (5)
where A énd AT are the mass numbers of the fragment and the nucleus which
is assumed to break up, respectively. The Coulomb barrier penetfation
factor, 1 - kB/(VE), should multiply vE* in equation 4. However, this
makes the nqrmalization very cumbersome. As will be shown below it
makes very little difference and is easier to simply shift the energy

by kB as

E* = VE' - <k>, B
1
(6)
2
Z(ZT—Z)e
1/3

B

i 1.44 [A + (AT—A)I/B]

where E' is the kinetic energy in the frame which will be assumed to be
moving with velocity Bi with respect to the lab, Z and ZT are the atomic

numbers of the fragment and of the nucleus assumed to break up, respectively,
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and <k>i is the nominal barrier fraction. The energy distribution in

the moving frame becomes

k=<k>+A i
2 1 vo 1/2 -(VE' -kB)/Ti
d o _1 f i (VE' kB)L e dk
L T - YD) -
dETdQ' 24 2(“Ti)3/2 ,
k=<k_>i—A
(E' > kB/V) v )
(B < <k>)
1

where A is fhe smearing parameter. If smearing is not'uéed, the integration
over k should be ignored, and the expression evaluated at k = <lc>i. .The
mean of this expression is (31/2 + kB)/v and the maximum occurs at

(t/2 + kB)/v. The laboratory distributions aré'fouhd by transforming

from the moving frame and summing the two components,

2 2
d°c  _ nw1/2 d7o
dEaq E ) (B/E)™ " Fp7qr

(8)
/2

1 ,2 1
E'=E + EﬂnBi-Bi(ZmE) coselabv

]

where E is the laboratory fragment kinetic energy and m is the fragment
mass.
Thus, the parameters to be determined are Bl’ 82, Tl’ TZ’ <]§>l,

<k

Gl’ 02, and A. The parameters 01 and Gz-are more easily discussed

>
2°

in terms of the overall normalization, A, and the ratio between the two

cross sections, R,

¥
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(9)

The index 1 is identified with the low energy, low B, low T part of the
spectra, while index 2 réfers to the high energy, high B, high T part of
the spectra. The general method of adjusting parameters is as follqws.

The emitting nucleus is known, fixing ZT and AT' 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 several nucleons, leaving an excited residual nucleus. The
residual nuclei were taken to be 96Tc and 22ORn for Ag and U respectively.

The target was taken as the emitting nucleus in the case of C and Al.

The two temperatures, t, and barrier fractions, <k>, are adjusted at
90° with the two velocities, B, 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. Smearing, A, is introduced if necessary. Some iteration

is necessary to achieve good visual fits to the data.

The fitted parameters for the measured fragments from C, Al, Ag
and U targets are given in Table IIT and Table IV. Since no isotopic
resolution was obtained, the ﬁass 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.41
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V. PARAMETER FITS TO THE DATA

The solid lines in Figs. 2, 3, 5, 8, 9, 10 represent the calculations

‘w

done with the parameters as given in Tables III and IV. For the most part
the fits are quite reasonable. For the Al target in Fig. 5 the increasing g
steepness of the curves with ihcreasing Z is explained with a comstant-
temperature (see Table III) by the two body kinematics. For the Ag targef
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 déta. This is because of the rectanguiar smearing
function with widfh 2A which was used. Probably a Better procedure would
have been to accomplishvthe smearing by performing a convolution with a
Gaussian whose FWHM was 0.68 times 2A. Although the low-temperature

, 1s determined to be zero for carbon by the data

bafrier fraction, <k§.
of Greiner et al5, the turnover of the lowest energy points in Fig. 5
for He and Li fragmeﬁts indicates a non zero value of <k>l 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 previousiy.3

In Fig. 11, the fit to the 7Be energy spectra given in Fig. 3 is

A

transformed to P| using the equation

0

d30 _ sin © d20 (10)

dp, dp, d¢ T T m dEdQ
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and integrating-over>pl and ¢. Note that this fit to the entire energy
spectfum, when displayed VS Py s deviates somewhat from the Gaussian fit

at high |p"| where the\high energy tail contributes to the energy spectra.
This discrebancy is also evident in Fig. 2 where it can be seen that our
data lie above the dashed lines which repreéent the data of Greiner et al.
This may be because the small angular acceptance of thei; spectrometer
somewhat reduced the efficiency for the larger transverse momentum
fragments.

v By comparing equations (3) and (7)-(8) one can see that

2 - '
=v g° /m (11)
Y Py,
B = <p>/m ) (12)

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

- 1/2
OP" = /E;'[A(AT - A)T/A] o, (13)

where m is the nucleon mass. This equation has been derived by:
Goldharber.42 When compared to the dependence first reported by Greiner

et al,5

_ 2.1/2 |
cp" = oo[.AA(AT - A)/AT] (14)

it can be seen that the fragment mass dependence is the same, but that
the target (or projectile) mass dependence is somewhat different. 1In

fact, in comparing the fragmentation of carbon and oxygen Greiner et al



~18-

found that 00 of eq. (14) was not constant but that T 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 fhe lbw temperature component may be thaf
it results from the Fermi.momentum in the nucleus which is breaking up.
Thisvhas been.pointed out! by Goldhaber42 and again recently by Gelbke

43

et al. They‘show that the temperature is then related to the Fermi

momentum, Ppo by
' 2 : _
T = pF/(S‘mo) . , - (15)

A Permi momentum of 200 MeV/c would correspond to a temperature of-
8.6 Mev, wﬁich is of the order of the observed low temperature compon-
ents. Such an explanation is then also consistent with the limiting
fragmentatién and factorization concepts observéd.in projectile frag-
mentation. For the high ;emperature component which dominates for heavy
targets the concept of factorization is clearly not applicable.38
‘The U data in Fig. 9 were also fit with the old functionalvform3
which has a preexponential term.of E instead of vE . The fitted
temperatures were the same beCausé they are insensitive to the pre-
éxponential term. However with the present functional form the <k>
and A values are about 15% larger. Comparing with the proper barrier
penetration factor, 1-kB/(VE), with the VE preexponential, the
differénces wouldvbe 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 orderlto test the range of validity of the new functional
form a few other exampies of data from the literature have been fit
with it. The counter telescope measurements22 of Li from Ni at 60°
were nicely fit with onl& the high temperature component. The emitting
nucleus was chosen as e and 82 as 0.008. The parameters fit were
T, 5 = 0.35, and A = 0.2, as one would interfolate froﬁ
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Tables III and IV. The Na from Bi radiochemical measurements27 at

= 14 MeV, <k>

90° wefe perfectly fit with Ty = 14.5 MeV, <k.>2 = 0.4 and A = 0.28 as
qnevwould expect from Table IV. (The emitting nucieus was taken to
be l95Pt as in the original work.27) From the forward and backward
angle shift of the energy spectra a value of B = 0.0066 * 0.0009 had
been deduced27 which also agrees nicely with Table IV. The momentum
spectra of high energy fission fragments44 are nearly Gaussian and
therefore might also be fip with the present functioﬁal form.

The cases we have considered so far are either the breakup of a
light system or fragment production from a heavy target. In both
instances the approximation of two body kinematics which we use seems
reasonable. Let us now consider some cases where this is obviously
not reasonable: spallation residues formed from multiparticle emission.

In the differential range measurementsl7'of 24Na from Al the peak

position is surprisingly fit by a <k> of 0.45 as in Table III, although

. Y
this reaction is clearly not a two body trcakup. However, the Na

17,20 __ .

17,20

recoil energy has long been thought to be anomalously large
is still not understood. For this reaction, the f values deduced

are about 0.003, considerably smaller than those in Table III. Lastly,
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let us consider a deep spallation reaction: l_49Tb from Au. The average

recoil'energyAS_is about half what is calculated by thé present formalism
showing the limitation of the method.

It has long'been known3 that the energy spectra'of”the lightest:
fragments from heavy targets exhibit a break at high kinetic energy,
witﬁ the flattenihg of tﬁe spectra indicating still higher apparent
temperatures of about 20 ﬁeV. This was particularly evident for the
neutron deficient isotopes whiéh are the lightest,isbtopes‘ﬁf.eagh
.element . .ThiS'effect is ééVeral orders of magnitude moré prominenf in
irradiations with'relaﬁivistic heavy idné,38 and‘has recently been satis-
factorily described by the coalescgnce of.cascade nucleons46 or by'nucleo—
synthesis in the fireball.47 Even near the evaporation peak for light
fragments from a uranium target the apparent temperatures are considerably

higher when the reaction is induced by relativistic heavy ions.
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VI. CROSS SECTIONS

The integrated cross sections are of considerable interest. For
the uranium target the energy spectra were sufficiently complete that,
with small extrapolations, théy could be integrated, and the resulting
angular distributions integrated. The cross sections obtained from
uranium are shown in Table V together with those previously obtained3
for the lighter fragments. for the silver data it was necessary to
extrapoiate 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‘4ﬂ 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,l
and some fits to our previous data,l are given in Table V. Also indi-
cated is the fraction of the cross section which was experiméntally
measured. The same fitted cross sections and fraction measured are
given for the aluminum target. This represents almost the entire charge
yield curve for the spallation of aluminum. However, from the known
activation data on the production of 22Na and 24Na the cross sections
must increase at higher Z. 1In fact the 0 to Ne cross sections are
probably low because of the inability to fit the low temperature com-
ponent. Indeed, the sum of the crﬁss sections from Li through Ne is
only 177 mb, which is less than half of the total reaction cross section
of 400 mb-8 For the carbon target the integrated cross sections reflect

mainly the data of Greiner EE.EL’S but include the contribution of the

high energy tails measured in this work. Also the data have been
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34,35

. 7 . , ' :
renormalized to agree with the Be activation measurement and

therefore differ slightly from Lindstrom gE_él.Bg
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 8Be

as noted previously.
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VII. CONCLUSIONS

A uniform treatment of the energy spectra of nﬁclear fragments
from both light and heavy targets, as well as from projectile fragmen-
fation, has Been attempted here. The data are consistently described
as the sum of two Maxwellian distributions. These distributions are
shifted along the beam direction by velocities, B, of 0.002 to 0.013
in units of c¢. The nominal Couloﬁb barrier fractions, <k>, 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 tempefature compbnent with temperature of
12 to 16 MeV. The average parametersvfor eaéh 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 ffom heavy
targets, several nucleons accompanying the fragment would not affect
the essentially,two body character of the break up, especially if the
nuéleons are emitted from the other quy. For the light targets it is
clear the highest energy fragments must come from two body Break ups.
Although 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‘function with a pre-exponential factor of VE s

in contrast to the pre-exponential factor of E derived by Weisskopf50
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forty years ago. The pre-exponential factor has beenvclearly determined
by the data of_Greiner'gE;gi? for light systems as /E . Fo; the heavy
systems the strong effect of the Coulomb barrier makes it difficult to
distinguish between these two forms, thus allowing YE to be an adequate
description for all systems. Goldhaber51 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 reésonablé for the breakup of a

38 The E function is'more.

light syétem5 and for the nuclear firebali.
reasonable for the evaporation_from the surface of a heavy system, but
in practice is not significantly different because of the effect of the
Coulomb barrier.

Because thé targets used in this study span the range from light

to heavy nuclei the results may be used to unify the picturés of target

and projectile fragmentation, which have previously appeared to be two

\

quite distinct proceéses.v'The differences arise because the low
temperature component is dominant in the spallation of light ﬁargets
and the projectile fragmentafion studies which have been done so far.
The high temperatufe component is dominant in ;he fragmentation of
heavy targets;_ However,‘both components are evidgﬁt in the data from
the aluminum target, and even for the carbon target, there is a small
amount of the high temperature component which was missed in the
measurements of Greiner 33’3135 The low temperature component may
be interpreted as the Fermi momentum due to a sudden break up process,
while the high temperature component is surely the result of high

deposition energies in the emitting nucleus. The low temperature
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'component may also be thqught_of as resulting from periphefal collisions

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
temperature of about 8 MeV observed in projectile fragmentation studiesl:9

is because the projectiles have not yet been heavy enough'to_observe the

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

)

: Proton
Targets Energy (GeV) Fragments Ref.
C,Al,Au 0.6 . H,He 11
E,Ni,Sn,Sm 0.66 H;Beb 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 | Mg 25

U 0.8 He-B 26




Silicon counter telescopes. The numbers given are the thicknesses in um of the AE and

TABLE 1L
E detectors, followed in parenthesis by the lower discriminator setting in MeV of the
E counter. '
Target cH Al 5 AL,
Isotope 0.41 mg/cm ' 1.1 mg/cm 3.3 mg/cm
1—3H 61-250(2.2),100-1500(2) ,250-5000(5)
3He’ 4He 22-410(0.8) . 20-168(3) 61—250(2.2),10041500(2),250—5000(5)
6He5 6_9Li 20-168(3) 61-250(2.2)
‘ 20-168(7) 61—250(5)

7’9’10Be’8’lo-12B,C
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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 ' Bl T <k >l 82 T, <k 5
c “He 1 0.0067% 4.5 © 0.0  0.013 13 0.45 0.
Li 0.006% 5.5 0.0 0.013 14 0.45 1
7Be 0.0075* 5.5 0.0 0.013 14  0.45 1.
Be 0.0045% 6.0 0.0 0.013 14  0.45 2.
105, 10.0032% 6.0 0.0  0.013 14 0.45 2
8 0.0052% 6.5 0.0 0.013 14 0.45 2.
10g 0.0038% 6.5 0.0 0.013 14  0.45 2
11y 0.0022% 6.5 0.0  0.013 14 0.45 2.
% 0.0051% 7.0 0.0 0.013 14  0.45 2.
10¢ 0.0045% 7.0 0.0 0.013 14  0.45 2.
e 0.0039® 7.0 0.0  0.013 14 0.45 2
Al “te 0.005 4 0.45 - 0.008 = 12 0.45  oO.
Li 0.005 7.5 0.45 0.008 . 12 0.45 2.
"Be 0.005 7.5 0.45 0.008 12 0.45 2.
9,104, 0.005 7.5 0.45 0.008 12 0.45 0.
B 0.005 7.5 0.45 0.008 12 0.45 1.
c 0.005 7.5 0.45 0.008 12 0.45 0.
N 0.005 7.5 0.45 0.008 12 0.45  O.
0 - - - 0.008 12 0.45
F - - - 0.008 12 0.45
Ne - - ~ 0.008 12 0.45

© O 0O © O 0 0 o0 O un®

N N LW O O N

aFrom Ref .. 5.
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TABLE IV.. Fitted parameters of functional form (see text) for energy
spectra of fragments from Ag and U targets.
Target Product 82 T2 <k>2 A
Ag B? - 15 0.3 0.3
c? - 15 0.3 0.3
N? - 15 0.3 0.3
0 - 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
- 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
0.006 14 0.49 - 0.30
c1 0.006 14 0.50 0.28
. Ar 0.006 14 0.51 0.30

8Fit to data from Ref. 1.
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Cross-sections in mb for fragments produced by irradiation

TABLE V. :
with 4.9 GeV protons. 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. . .
Target -
Product .C Al Ag U
He 1679 4168 (95) 2390.% 4400.°
Li 2. 31, (95) 139.2 301.€
7e® [9.4] [8.4] (90) [17.4%] 117.6°]
9,105, 8.6 6.9 (80) 25,52 110.°
B 43. 20.  (80) 62.2 (40) 117.€
c 27, 31, (65) 74.° (40) 96.°¢
N 22, (50) 46.° (60) 64.°
0 28.  (25) 35.5 (85) 47.€
F 14, (15) 31.5 (85) 28.
Ne 16.  (10) 31.5 (s0) 25.
Na 1.5 (80 22.
Mg 8.3 (80) 27.
Al 10.1% (65) 22.
si. 8.5 (65) 24,
P 6.2 (60) 22.
s 6.3 (60) 23. ;
c1L 5.& (40) - 20.
Ar 5.4 (40) 21.

4From Ref. 1.

bfrom fit to data from Ref. 1.

CFrom Ref. 3.
d 4y, only.

e Radiochemical measurements used for normalization.
fobtained from the 90° differential cross section by multiplying by 4m.
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TABLE VI. Average values of the parameters B, the velocity of
the emitting system, T, the temperature, and <k>, the nominal
barrier fraction, for the low (1) and high (2) temperature
components.

Target 61 Tl(MeV) 82 Tz(MeV) <k>2
C 0.005 6.5 0.013 14 0.45
Al 0.005 7.5 0.008 12 0.45

a 1
Ag - 0.006 155 0.3
i} - 0.006 14 0.5

aFrom Ref.
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FIGURE CAPTIONS
Data obtained from an Al target with the telescope 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 ;ines clear. b. Analogue particle identifier spectrum
for fragments with energies between 5 and 10 MeV.
Measured energy spectra at 90° in the laboratory for fragments
from a C target irradiated by 2.1 GeV protons using the gas
telescope. The 4He spectrum above 6 MeV was measured with #
silicon telescope. The dashed lines represent the 2.1 GeV/nucleon
c én hydrogen fragmentation data of Ref. 5. The solid lines are
fits to the spectra using the functional form described in the
text with the parameters given in Table III.
Energy spectra of_7Be 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 lineé are normalized at 90° only.
Measured energy spectra of individual isotopes at 90° in the
laboratory from an Al target irradiated by 4.9 GeV protons using
a silicon telescope to obtain isotope resolution. The 4He and 7Be
spectra have been extended down to lower energies using the gas

telescope data.

L5}
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Measured energy spectra of the different elements and 4He and‘7Be
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 spectfa using the functional form described
in'tﬁe text with the parameters given in Table III. The dashed

line for Na is to guide the eye.

Energy spectra in the laboratory of protons and 4He fragments from
an Al target irradiated by 4.9 GeV protons.

Ene;gy spectra in the laboratory of Li and Na fragments from an

Al target irradiated by 4.9 GeV protons. The back angle data for

Na were not statistically significant enough to plot.

Measured energy spectra at 90° in the laboratory 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 parameters from

Table IV.

Measured energy spectra at 90° in the laboratory for fragments
from a U target irradiated by 4.9 GeV pfotons. 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 parameteré from Téble Iv; At low energies, where this
functional form is not applicable, the dashed lines are to guide

the eye through the data.



Fig. 10

Fig. 11
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Energy spectra of Na fragments from a U target bombarded with
4.9 GeV protons measured at 20, 90, and l60° in the 1ab6ratory.
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.

i

Measured momehtum distribution of 7Be ffagments from'ﬁhe ffag;'
Imentation of 2.1 GeV/nucleon 12C'on a hydrogen target from

Ref. 5. The dashed line represents tﬁeir Gaussian fit to

thé data with o, = 8.8 mb, Op” = 145 MeV/c and <py> = -49 MeV/c.
The solid line stands for the transformation to momentum space
of the functional'form described in the. text which fit thev

measured energy spectra of 7Be fragments from a C target -

irradiated by 2.1 Gev protons.

\ .
Cross sections as anunction of Z for the four targets studied.

More information is given in Table V.
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