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Inclusive proton spectra were measured from the interaction of 150 MeV protons with a variety of
targets ranging from berylium to bismuth over the angular range from 10 to 30. At all of the an-
gles at which data were taken the spectra from the berylium and the carbon targets show strong
peaks attributable to quasifree scattering while the spectra from nickel and heavier targets are rather
flat throughout the continuum region. The quasifree scattering is calculated using a Fermi gas
model, with the nucleus a uniform sphere, and in this picture the required attenuation of a quasifree
peak requires a nucleon free path of no more than about 3.5 fm. Spectra of deuterons, tritons, He,
and alpha particles were also measured.

INTRODUCTION

At incident nucleon energies above 100 MeV it is ex-
pected that nucleon-nucleus reactions can be described as
a series of nucleon-nucleon reactions within the nucleus.
Exceptions ~ould be elastic scattering and inelastic
scattering to excited states of the target nucleus, both of
which can be said to involve the target nucleus as a whole,
but these constitute only a tiny fraction of the total reac-
tion cross section. Thus, from the elementary nucleon-
nucleon cross sections, it should be possible to calculate
the various nucleon-nucleus reaction cross sections. The
simplest nucleon-nucleus reaction is quasifree scattering,
in which the incident nucleon scatters off a single nucleon
in the nucleus. Attempts to calculate quasifree scattering
and compare the results with experiment. soon run into
both theoretical and experimental uncertainties and it is
the purpose of the present work to try to remove some of
these uncertainties.

Experimentally, the main source of confusion appears
to be a paper by Wall and Roos' which reported strong
quasifree peaks in inclusive proton spectra over a wide
range of targets and angles for 160 MeV incident protons.
Two other papers, ' also published in the late sixties, re-
ported much less peaking, thus disagreeing with Wall and
Roos. More recently, Chen et al. ' at 164 MeV found
little evidence for quasifree peaks at angles of 25 or more
for targets ranging from Al to Pb. A recent experiment
by Machner et a/. reports agreement with Chen et al. '

and disigreement with Wall and Roos. ' It thus appears to
be established that for incident proton energies up to
about 200 MeV inclusive proton spectra do not contain
strong quasifree peaks, at least for targets with A of about
60 or greater, and at angles of about 25' or more. A ma-
jor purpose of the present work is to complete the de-
lineation of the role of quasifree scattering in the
150—200 MeV region by extending the measurements
down to smaller angles where, it is shown below, the
quasifree peaks can be expected to get larger, and to

lighter targets, where there will be less attenuation due to
final state interaction.

The quasifree cross sections to be expected in nucleon-
nucleus scattering can be calculated in terms of the free
cross sections and the mean free paths of the nucleons in
the nucleus. However, different methods of determining
the mean free path have led to widely divergent results.
In the simplest approximation, the mean free path of a
nucleon in nuclear matter is given by the simple expres-
sion

where p is the nucleon density and o. the isospin averaged
nucleon-nucleon cross sections. Taking p=0.17 fm, A.

would, in a nucleus with equal numbers of neutrons and
protons, reach a maximum of about 2 fm at a nucleon
(laboratory) energy of 400 MeV and be down to about 1.5
fm at 150 MeV. Pauli blocking can be expected to in-
crease this estimate of the mean free path by about a fac-
tor of 1.5 at 150 MeV and by lesser amounts at higher en-
ergies. A value for the mean free path can also be ob-
tained from the imaginary part of the nucleon-nucleus op-
tical model potential using the expression

—ph
28

where 8' is the imaginary part of the potential and p is
the velocity of nucleons in nuclear matter. The values of
the imaginary potential found by Nadasen et a/. imply a
mean free path of 6—9 fm.

It is possible to infer the attenuation of nucleons in nu-
clei from cross section measurements. An expression has
been derived for the reaction cross section:

V,
o tt ——m.r 1— (1—T),
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where r =r& A, ;——rJv is the nuclear radius, V is the
Coulomb energy at nuclear surface, and T is the nuclear
transmission

ing. In order to further ascertian the effects of neutron
excess, three nickel and two tin isotopes were investigated.

e
—2(r/A. )

T= 2

2

Using nuclear radii obtained from optical model fits and
measured reaction cross sections Nadasen et al. found
A, =5.2+1 fm. However, Dymarz and Kohmura have
pointed out that when the nuclear transmission is small, a
small change in radius will necessitate a large change in
the mean free path in order for Eq. (3) to reproduce the
same reaction cross section. Since for the lightest nucleus
studied by Nadasen et al. , Ca, T=25%, the point raised
by Dymarz and Kohmura appears to be well taken. Vary-
ing both the nuclear radius and the mean free path in or-
der to fit both the reaction and the total cross section,
Dymarz and Kohmura obtained mean free paths of =3
fm in the 40—200 MeV region and about 2 fm between
400 and 1000 MeV. From the absence of quasifree peaks
in their inclusive proton spectra, Segel et al. concluded
that the attenuation of the quasifree peaks required a
mean free path at 164 eV smaller than about 3.5 fm.

Negele and Yazaki' have shown that by taking into ac-
count the nonlocality of the nucleon-nucleon potential the
mean free path can be increased by a factor which de-
creases from about 1.5 at 50 MeV to about 1.25 at 150
MeV. When this correction is included the calculated
mean free path is brought into near agreement with the
large values that are inferred from the optical potential.
However, Meyer and Schwandt" have shown that the fit-
ted imaginary nuclear potential, and therefore the derived
mean free path, depends critically on the shape of the po-
tential. In fact, for a shape which they consider to be
better justified than the usual Woods-Saxon form, Meyer
and Schwandt found mean free paths down around the 2
fm expected from the free cross sections.

In the present work a better understanding of how nu-
cleons pr'opagate through nuclear matter is sought by fur-
ther searching for quasifree scattering in the 150 MeV re-
gion. Spectra were taken using a wide range of targets, in-
cluding berylium and carbon which are lighter nuclei than
any previously studied. Measurements were made over
the angular range from 10 to 30, and were thus covering
smaller angles than in the previous study. It should be
noted that with 800 MeV incident protons, prominent
quasifree peaks were observed' in the spectra, but. only at
angles less than 30'.

Deuteron, triton, He, and alpha particle spectra were
also obtained. The stack of solid state detectors used in
the present work was superior to the NaI(T1) crystal used
previously, in that the energy resolution and stability
were much better, and the dead layers were negligible.
Higher quality spectra were therefore obtained, particular-
ly for the Z=2 particles.

In the previous study, significant differences were
found in the spectra from Ni and Ni targets; the
differences in the mass 3 spectra were particularly strik-

EXPERIMENT

The data were taken in the large scattering chamber at
the Indiana University Cyclotron Facility. Data were tak-
en on Be, C, Ni, Ni, Ni, "Sn, ' Sn, and Bi targets
at an incident proton energy of 150 MeV. The particles
were detected by a solid state detector stack which con-
sisted of two Si detectors, 53 p thick and 2010 p thick,
respectively, plus four Ge detectors, 10.7, 9, 15, and 15
mm thick, respectively. There was sufficient material to
stop 150 MeV protons. Energy resolution was =400 keV.

The pulses from the four germanium detectors were
summed and then treated as coming from a single detec-
tor. Plots of b,E vs E were made, with the E signal a
hardware sum of the signals from all of the detectors, and
the b,E signal either the first silicon detector or the sum of
the two silicon detectors. The contours for the different
particles stood out clearly and the various particle spectra
were generated utilzing software cuts around each con-
tour.

Because of the nonlinearity of the range-energy rela-
tionship even small variations in gain between the various
elements in the stack can lead to sharp dips or peaks in
the spectra at those energies at which the range of a given
particle was just sufficient for it to enter a new element.
Thus, even though the gains were matched to about 1%,
glitches did appear in the spectra which were substantially
eliminated by remapping the spectra allowing for these
small gain changes. Gnly for the proton spectra were the
statistical fluctuations small enough for this gain
mismatch correction to have an observable effect. The
spectra were also corrected for the low energy tails that
result from energy being lost through nuclear reactions.
The data of Cameron et al. ' were utilized in making this
correction, which was largest at the forward angles where
scattering to the states of the target nucleus is greatest.
The correction had the effect of raising the elastic peak by
about 15%%uo and at 15' the correction had the effect of re-
moving =20% of the counts in the 40—80 MeV region.
However, at 10 about —, of the counts at 40 MeV were at-
tributable to low energy tails from higher energy protons
entering the detector. The spectra at 10' also showed indi-
cations of significant low energy tails attributable to slit
scattering of the extremely intense forward angle
Coulomb scattered protons, and therefore only qualitative
conclusions could be drawn from these spectra.

The effective solid angle of the system was determined
by measuring proton scattering from the hydrogen in a
CHq target. Cross sections are believed to be accurate to
about 15% over and above any errors due to statistical
fluctuations.

EXPERIMENTAL RESULTS

A proton spectrum, Ni at 15', is shown in Fig. 1. At
the low end there is an evaporation peak, cut off on the
low side because of the requirement that particles have
sufficient energy to pass through the first silicon detector.
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FIG. 2. PProton spectra at 20 from some of the targets. TheP

spectra have been drawn averaging over the statistical fluctua-
tions. Note the log scale.

Proton evaporation was also clearly evident in the s
from the Ni

en in e spectra
rom e i, Ni, and Sn targets. The spectra from

the C and, to a lesser extent, the Be targets showed a rise
at the low energies which could be indicative of an eva-

The '24
poration peak below the detection threshold f th

e Sn target was substantially thicker than the others
24 m /cmg, which resulted in a considerable smearing out
of the evaporation peak. With the Bi target, the evapora-
tion peak was largely surpressed, no doubt a result of the
high Coulomb barrier.

In order to display the entire spectrum, a log scale is
use in Fig. 1, although interest in the present work is
concentrated on the continuum between th 1n e ow energy
evaporation protons and the high energy protons inelasti-
ca y scattered to states in the target nucleus. Spectra cov-
ering this region from four of the targets are shown in
Fig. 2. In order to facilitate comparisons the spectra have
been drawn as lines averaging over the statistical fluctua-
tions and a log scale has been used. For the lightest tar-
get, Be, this region is dominated by a broad peak at b t

e plus a long low-energy tail. The position of the
pea a a out

peak is about 20 MeV below the energy expected for free
nucleon-nucleon scattering. For carbon, the peak was
c ear y still present, but somewhat more spread out to-

FIG. 3. Proton spectra from Ni. Th d h
smoothed.
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FIG. 4. Proton spectra, at 20', from the various nickel iso-
topes. The data have been smoothed.

wards the low energy side. For Ni and hi an eavier targets
the continuum was rather flat with no clear evidence of a
quasifree peak.

Proton spectra taken at the various angles are shown
for one of the targets, Ni, in Fig. 3. The data have been
smoothed and the evaporation and nuclear scattering re-
gions, both of which are of relatively little interest in the
present work, have been cut off. Inadequacies in the
smoothing routine, combined with the gain mismatch,
could produce dips of =5% in the plotted spectra. The
yield of high energy protons increases with decreasing an-

g e, which is a continuation of the trend that was observed
at arger angles. ' At the smaller angles there may be
some evidence of a quasifree peak, though any such peak
is not clearly separated from scattering to giant reso-
nances and other states of the target nucleus. At all an-
gles similar shaped continua were found for all of the
nickel and heavier targets, while for Be and C a quasifree
peak was always present. When the results of the present
experiment are combined with those previously report-
e, ' it appears reasonable to conclude that for incident
protons in the 150—200 MeV range and A )50, quasifree
peaks are not a major component of the inelastic proton
spectra at angles of 15' or greater.

In the previous work, a difference in the proton ield
Ni and Ni was reported which, in view of the ex-

perimental error, was of doubtful significance. Figure 4
s ows spectra over the energy region of interest from the
three nickel isotopes. The spectra are similar and any



32724 R. E. SEGEL et al.

IO

~ lo—
E—jo

LLJ~ IO
Cy

b IO

IO 0

t

p

t

He-: jo
h

j~ a-:loo
i&

80 l20 l60
E (MeV)

CD

Ol-
E

Cy

O.OI—
b"a

O.OOI0'
I

40
I

80
Et {MeV)

l~
V"g)$

i'I
j

~ii

j II

l20
I

l60

l
' l

—.——Bi

Ni
58

rious- articles from '"Sn at 25'.FIG. 5. Spectra of the variou -

p
The data have been smoooothed.

'
hin the =15% uncertain-

F h o, h
a nitude are wit in t e =

dis-
Th oo fo

thicknesses. Furt erm
thee trend in the data. T e pro

1 't ' '1
g oqMw

ns tritons, e, anSpectra of deutero
r et " Sn, at one ang e,le 25, are s ow

' ldi do b bo
1 h rti 1 ild

'ld I l, thle to the triton yie
~

1'1 th df the outgoing partic e
h

g
1 hith increasing parth yield falls off wie

flatter than t e ri oh t 't n spectrum. Forth He spectrum is a
ha e over ecth ontinuurn regioneach particle the spectral s p

was roughly indepenwa
'

endent of target.
'

1 rned over the energy
b 1 t di Tabl I The

us articles, sumrne
region from 40 to 120 MeV, are ta u a e

oration particles atwas chosen to avoi evapor
fb d tt dofthe one end and excitation o oun

tion must be excer-other. Of course, cau
'

resonances at the o e .
data taken at a sing e...:.h....,h.„h...onclusions from a

t o t 1

h fo'1 '
mt t, dt

A articularly at e m
fast artie es is

I f h
w e

orts this contention. np o ppo

11 11

e fact continuu
the same for al. o t e

rr an be seen in Fig.s ectra di er, as cathe various particle sp

f C 58Ni, and Bi at 25'.FIG. 6. Smoothed tri p f'ton s ectra from
similar, in shaperom the other targets were s'The triton spectra from e

e of outgoing particles, theand, in fact, for each type o ou go'
'

d 1'ttle 'th t r tshape of the spectrum vane i

50
l

0

ive ields of the various particles

d F 6 h
1 's bstntill i-of the spectrum for a g' p

hth dth 1t that bot t een
distribution of eac g

'
out oing partic e is n

re ion at a single an-ver a iven energy regi
f

target, the yields ov g'

11 target dependence oicture of the overa a
thehp ield. Over t e en

'

r He
If 11

'
ld f

ield with A is no ice
to a

1 h io f o Ni
her articles. e "itoo, = andif ony e

the best fit in s ef d th H
'

ld rtBi is considered, e
+=0.004. n con1 independent ofy i

re ion varies asyi
d'ff t i oto„, ths ectra from i e

3h' '"""'nd H
'

1
'

40 MeV, He than
h 1 't '

th othdfrom Niw ie'P o
e Ni target. Between

b f o of2 A
oton ratio changes y a,

tio of He to triton yield changes y a a

'Be
12C

58N1

62N)

64Ni
116Sn

"4sn
209BI

p

417
446

1177
1282
1137
1544
1546
1861

54.8
57.5

119
138
123
162
166
195

6.33
5.13

10.7
15.7
16.0
22.4
28.9
37.5

He

8.70
9.91

17.1
16.2
12.8
16.6
13.3
16.0

7.07
10.1
24. 1

26.6
22.7
40.3
33.7
66.2

s at, ', f the various particless at 25, in mb/sr, o e
between 40 andwith outgoing energy be

JD 30—C3

~ 20

b I0

00 4,0

zo&
c ~3Q

40
so

80
E (MeV)

p/

l60

ton s ectra from the scattering of 150FIG. 7. Calculated pro on pec
M V protons by a Fermi gas,

n neutrons.equal numbers of protons an



32 INCLUSIVE 150-MeV-PROTON-INDUCED SPECTRA AT. . .

'0 I

40

c(p, p )
2.0 8,= 20

P

E 1.5—
LLJ

Cg
1.0—

~b 0.5—

L

80
E, (MeV)

P

ip only~I i

~

120 160

15

)
u) IP-
E

bJ
z3 5

Cy

b

00

lt6
Sn (p, p')

8,= 20
P

I

40
I

80
E, (MeV)

P

I 20 l60

FIG. 8. Proton spectrum from C at 20 compared with spec-
tra calculated assuming a single scattering from a Fermi gas.

FIG. 9. Proton spectrum from " Sn at 20' compared with the
spectrum calculated assuming a single scattering from a Fermi
gas.

lar effect is present in the yields of mass 3 particles from
the tin isotopes.

DISCUSSION OF RESULTS

Any nucleon-nucleon scattering peak would be
broadened by the motion of the nucleons in the nucleus
and in order to estimate this broadening, a calculation was
performed assuming a Fermi gas nucleus. The methods
given by Moniz' were used and, while the calculation is
basically classical, Pauli blocking is allowed for. Calcula-
tions were performed separately for a neutron and for a
proton target gas and the results combined. The Fermi
momentum in the nucleus was taken to be 220 MeV/c.
Free nucleon-nucleon cross sections were obtained from
Arnot. ' Figure 7 shows the results of such a calculation
for a nucleus consisting of equal numbers of neutrons and
protons, all with no binding energy. It can be seen that
down to 10' {laboratory), the calculated proton scattering
peak gets higher as the angle gets smaller, though, because
of Pauli blocking, the area under the peak decreases for-
ward of 25'. Figure 8 shows the results of a calculation
for carbon along with the experimental data. Binding en-
ergies of 17.5 MeV for the Ip shell and 38.1 MeV for the
Is shell were taken from the work of Mougey et al. '

Also shown in Fig. 8 is the calculated spectrum for

scattering from the lp shell nucleons alone (i.e., 17.5 MeV
binding energy). Both calculated curves are normalized
by setting the total calculated cross section equal to the
total reaction cross section, which has been measured' to
be 215 mb. Actually, the shape of the spectrum at 20'
was best fit when 1s shell nucleons were taken to be about
40% as effective in scattering as lp shell nucleons.

Figure 9 shows a comparison of the results of the Fermi
gas calculation with the data for " Sn at 20, which is the
smallest angle at which the quasifree peak could be ex-
pected to be separated from the inelastic scattering of
states in the target nucleus. The calculated spectrum is
for scattering by nucleons bound by 13 MeV, a value indi-
cated by the position of the quasifree peak that is ob-
served in 400 MeV inclusive proton spectra. ' Again, the
total calculated cross section was set equal to the total re-
action cross section which was taken to be' crz ——mr;,
r; = 1.252 'i fm. Under these assumptions it can be seen
that the quasifree peak must be attenuated by at least a
factor of 3. In Table II, the attenuations of the calculated
peaks that are needed in order to fit, or be consistent with,
the data at 20', are listed. As expected, the heavier the
nucleus, the more the peak must be attenuated.

In order to relate the attenuation of a presumed quasi-
free peak to the mean free path of nucleons in nuclear

TABLE II. Calculated and experimental quasifree peaks. Quasifree scattering was calculated using
a Fermi gas model normalized to the total reaction cross section, taken to be 172 mb for Be, 215 mb for
C, and n-r;, r;=1.252' fm, for the heavier targets. The second column. gives the attenuation of the
calculated peak that is required in order to be consistent with experiment. The third column gives the
ratio of nucleon mean free path to the radius of a uniform sphere {Fig. 10) that this attenuation implies.
The fourth column is the third column multiplied by A '

Nucleus

Be
C
'Ni

Ni

"Sn
124Sn

Be

Attenuation

0.75
0.63

(0.37
(0.43
(0.35
(0.32
(0.32
(0.25

Mean free path
nuclear radius

2.5
1.6

& 0.76
& 0.88
& 0.72
(0.67
& 0.67
& 0.53

Mean free path g ]/3
nuclear radius

5.2
3.7(2.9(3a5(2.9(3e2(3.4

(3.2



726 R. E. SEGEL et aI. 32

I.O
0.8-
0.6—

I-~ V)~ ~ o.o-
~ &03-

LLj Li 0.2—

I } I
$

I
$

I
g

O. l
' ' ' ' I I i I

0.2 OA 0.8 l.0 2.0 4.0
IVIEAN FREE PATH
NUCLEAR RADIUS

8.0

FIG. 10. Calculated attenuation assuming that the nucleus is
a uniform sphere.

matter a calculation was performed in which the nucleons
were assumed to be attenuated as e, with A, being the
nucleon mean free path. The attenuation of the quasifree
peak would then be the ratio of the number of nucleons
emerging at a given angle to the number initially scattered
through that angle. The nucleus was considered to be a
uniform density sphere and thus the attenuation was sole-
ly a function of the ratio of the mean free path to the nu-
clear radius. Figure 10 shows the calculated attenuation
of the quasifree peak. Within the framework of this cal-
culation, the spectrum from " Sn at 20', shown in Fig. 9,
would imply that the mean free path is less than —,

' of the

nuclear radius (Table II). The lighter the nucleus, the
more stringent the limit that can be placed on the mean
free path. For the nickel isotopes a mean free path of no
more than about 75%%uo of the nuclear radius is implied,
which would put an upper limit of about 3.5 fm on the
mean free path. For carbon and berylium, actual attenua-
tions, rather than upper limits, are determined, but for
these light nuclei a uniform sphere is such a poor approxi-
mation that the value extracted for the mean free path
cannot be taken too seriously.

There are other methods by which the quasifree scatter-
ing can be calculated. Cascade calculations have been per-
formed in this energy region and, as previously noted,
predict much too prominent a quasifree peak. Distorted
wave impulse approximation calculations might be il-
luminating but no such calculations for quasifree scatter-
ing appear to have been done in this energy region.

Significant trends can be discerned in the spectra of the
heavier particles and it should be possible to extract useful
nuclear information from these. Unfortunately, however,
at the present time there is no computational framework
that can be utilized in relating the data to nuclear proper-
ties. Hopefully, the availability of good data will spur cal-
culational efforts.
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