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The energy spectra of nuclear fragments produced by the interaction of 5.5-GeV protons
with silver were determined at several laboratory angles by means of dE/dx-E measure-
ments with semiconductor-detector telescopes. Individual isotopes of the elements from hy-
drogen to nitrogen were resolved. From oxygen to silicon the elements were determined
without isotopic separation. For the case of the isotopes of He through Be enough of the evap-
oration-like energy spectra were recorded so that it was possible to perform integrations to
obtain angular distributions and total cross sections. For elements above beryllium, an ex-
perimental cutoff on the low-energy side precluded these integrations, and only the high-ener-
gy portions of the spectra were recorded. The energy spectra of the neutron-deficient iso-
topes differ from the others in that the high-energy parts of the spectra are more pronounced
and flatter, and the angular distributions are more forward-peaked.

Some of the energy spectra were fitted with calculated curves based on the isotropic evapor-
ation of fragments from an excited nucleus moving along the beam axis. The apparent Cou-
lomb barriers obtained from this analysis were about one half the nominal Coulomb barriers,
and the apparent nuclear temperatures fell in the 8-11-MeV range, However, no one temper-
ature could fit the entire energy range, and for the highest-energy fragments observed at 90'
the apparent temperature rose to 20 MeV or higher. From the forward-backward shifts of
the most probable energy it was deduced that the average velocity of the moving system emit-
ting Li and Be fragments is 0.008c. However, all of the data are more forward-peaked in in-
tensity than can be explained by the simple two-step model. The energy analysis carried out
on these new data is compared with those given in the literature for silver targets or emul-
sions bombarded with protons, cosmic rays, pions, kaons, and other particles. Comparisons
are made of these results with those obtained in an earlier study of fragments from a uranium
target.

I. INTRODUCTION

In a recent study we described the application of
silicon semiconductor detectors incorporated in a
particle-identifier system for the study of frag-
ments resulting from the disintegration of urani-
um target nuclei bombarded with 5.5-6eV protons. '
The present study describes the results of a simi-
lar investigation of the fragments produced by a
silver target bombarded with 5.5-GeV protons. In
a series of measurements with AE and E detectors
of various thicknesses it was possible to identify
individual isotopes of the elements hydrogen
through nitrogen and to measure the energy spec-
tra for the individual isotopes at five angles to the
beam. The energy distributions have Maxwellian
shapes resembling evaporation spectra, but be-
cause of an instrumental low-energy cutoff it was
not possible to observe the maxima of the Maxwell-
ian distributions for fragments heavier than beryl-
lium. For fragments heavier than nitrogen it was
not possible to obtain isotopic identification with
the telescope containing the thinnest ~ detector,
but individual elements up to silicon were resolved
and the high-energy segments of the energy spec-
tra were measured.

Silver was chosen as the target in order to ob-

tain data to compare with the fragment character-
istics reported in many previous studies done by
other methods. The nuclear emulsion technique
has been most widely used because of the ease of
studying the interaction of high-energy particles
with AgBr in the emulsion. In most studies the
emulsion was used both as target and detector.
The bombarding particles have been cosmic
rays, ' "machine-accelerated protons of 0.5 to 30
GeV" "n mesons, '" "antiprotons """Kme-
sons, " "and other projectiles. In some cases the
emulsion has been used to detect fragments pro-
duced in an external target of metallic silver. ""
Fragments from silver have also been studied
with techniques based on mass spectrometry" or
on the measurement of the radioactivity of the
fragments. ""

Each experimental method has certain advan-
tages and shortcomings. Methods based on frag-
ment radioactivity are limited in scope because
they can be applied only to a email fraction of the
products, but they do have great sensitivity and
specificity. They have been particularly valuable
for exploring yield variations over many orders of
magnitude as the energy of the bombarding parti-
cle is changed. In general, these techniques sup-
ply only yield data, but some studies have been
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done to extract information on fragment energy
spectra and angular distributions. An example of
this is the measurement of the '~MR energy spec-
trum in the case of silver bombarded with 2.9-
GeV protons xeported by Cumxning et a/. 62 How-
ever, radioactivity-based methods provide no in-
formation concerning the other particles emitted
in the nuclear interactions leading to the produc-
tion of the isolated radioactive pxoduct. The nu-
clear emulsion technique has some strong disad-
vantages because of the labor involved in getting
stRtlstlcRl accuracy on lndividuRl frRgInents the
difficulty of making a clean identification of the
charge and mass of individual fragments from the
characteristics of the tracks, and from uncertainty
in the target nucleus. Because of the identification
problem, the great bulk of the published work has
been done on 'Li, 'Be, and '8, which decay in such
a way that an easily identified hammer track is
produced. To be set against these disadvantages
is the fact that the nuclear emulsion technique
makes it possible to examine all the charged par-
ticles (mostly, protons and helium ions) coming
from an individual nuclear disintegration (star)
and to study the correlation of these other parti-
cles with the fragment. For example, it is possi-
ble to study the yield and energy spectrum of the
ldentlf led fragment Rs R function of the nuInb61' of
gray, black, and sparse prongs in the star. Such
correlations provide a much deeper understanding
of the underlying reaction mechanism. The nuclear
emulsion technique also provides the opportunity
to study cases in which more than one fragment is
emitted in a single disintegration. In the semi-
conductor technique as applied by ourselves, or by
others, '~65 it has been possible to measure energy
spectra with good statistics for a number of frag-
ments, each precisely identified by atomic number
and mass number. All stable and radioactive spe-
cies are measured —the only requirement is that
the fragment be stable toward heavy-particle emis-
sion. The method hRS the llIQltatlon of R low-enex'-

gy cutoff that increases as the fragment charge in-
creases. Furthermore, as applied in the study re-
ported here, no additional information is obtained
on the characteristics of other particles produced
in the nuclear breakup giving rise to the observed
fragment.

Since conclusions from previous studies have
been stated many times in the references already
cited and in several review articles" "it is not
necessary to present them in detail here, but it
may be of some use to set down a short summary
of the main deductions, particularly those which
have relevance to the later discussion of our own

data. In the following text the word fragments re-
fers to nuclei of charge 3 or higher. The usual nu-

clear emulsion terminology on track types will be
employed: gray tracks are considexed to be caused
by cascade protons, black tracks are attributed to
evaporated protons or helium ions, and sparse
tracks are assigned to m mesons or other particles
of minimum ionization. The conclusions of pre-
vious studies are:
(I) Fragment yieM increases strongly with the en-
ergy of the bombarding protons fxom j.00 MeV to
about 2 GeV and then remains relatively constant
up to 30 GeV. We have summarized in Table I the
bulk of the published data on fragment yields for
proton bombaxding energies in the GeV range.
(2) For proton bombarding energies of I GeV or
greater, the yield variation for fragments close to
P stability such as "F and '4Na varies in an inter-
esting way with the atomic mass of the target. "
For the lighter target elements up to about mass
100, the yield decreases with an increase in tar-
get mass, whereas for the heavier targets the
trend reverses and there is an increase in frag-
ment yield as the target mass increases. This has
been interpreted as evidence for a change in the re-
action mechanism leading to fragment formation.
This feature is interesting in the case of silver be-
cause silver is near the minimum of the fragment
yield versus target mass curve.
(3) Fragment yield increases with the complexity
of the nuclear star, i.e., with the number of gray,
black, and sparse prongs.
(4) The greatest yields occur for products near p
stability. "O' This fact reduces the significance of
conclusions drawn from a study of radioactive frag-
ments alone.
(5) In those cases in which the short black track
of the residual nucleus can be identified, it is
strongly correlated in direction with the direction
of the fragment track, the angle 180 being fa-
vored
(6) The fragment-energy spectra have shapes re-
sembling, at least roughly, the Mmovellian distri-
bution expected for an evaporation process. Since
this is such an important feature we comment
more fully on it.

Many authors have made the attempt to fit
curves based on evaporation theory to their ener-
gy data. Some representative papers may be sin-
gled out"' "for a discussion of this fitting. Qne
common practice is to compare the data taken at
all angles with the following simple formula taken
from LeCouteur's treatment of the Weisskopf
evaporation theory":

Here H(e)de is the probability of the emission of
a fragment with disintegration enexgy e in the in-
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TABLE I. Literature values of fragment yields from interaction of GeV protons with silver targets or with AgBr
in emulsions.

Proton
energy
(GeV)

Type of
fragment ~

Cross section
(mb)

Freq. per
nuclear

interaction" Reference

1.0
2.0
3.0

Emul.
Emul.
Emul.

'He
'He
'He

340+ 60
960 + 130

1160+ 130

1.0
1.9
2.85

6He
6He

'He.
7

12

0.93
6.2
0.95
1.0
2.0
2.0
2.0

Emul.
Zmul.
Emul.
Zmul.
Emul.
Ag
Kmul.

Li
Li@l~ & 8)

8Li
8Li
SLi
8Li
'Li

1.1 +0.8
0.6+0.2

6+1
2.8 +1.0
3.0 +0.9

3.0
3.0
5.7
5.7
5.7
6.0

Emul.
Emul.
Emul.

Emul.
Emul.

8Li
'Li

'Li(7 «N~» 17)
SLiPfg ~ 17)
SLigV~& 5)

8Li

4+1
3.4 + 0.6

5.1+1.2

0.0039
0.068
0.013

24
21
C

C

10
21

9.0
9.0
9.0
9.0

19.0
24.0
24.0
25.0
25.0
28.0

Emul,
Emul.
Emul.
Emul.
Emul.
Emul.
Emul.
Kmul.
Emul.
Emul.

SLi, 'B
SLiP/g& 8)

SLi

SLi

SLi(VH & 8)
SLi, 9Li, SB

SLi, 'Li, 'B
SLi, 'Li

SLi

5.0 + 1.1

2.0

0„02
0.025
0.025
0.0107
0.011

0.014

26
28
21
29
31
29
31
32
33
34

1.0
2.8
9

Ag
Ag
Emul.

'Li
'Li

0.22
1.05

0.0004

0.66
0.93
9.0

Emul.
EIQul
Emul.

Z~4
Zm4
Z~4

12
62+11
100

2.0
3.0
6.0
6.2
9.0

Emul.
Emul.
Emul.
Emul.
Emul.

Be(except Be)
Be(except 8Be)
Be(except Be)

Be
Be(except Be)

23.3 + 9.1
19.6 +4.6
29.8 + 9.8

26,1+3.6

1.0
2.2
3.0
3.0

30.0

Ag
Ag
Ag
Ag
Ag

7Be
'Be
'Be
'Be
~Be

2.5
11.3
7.4

12.1
18.2

58
60

58
60



iV62 HYDE, BUTLER, AND POSKANZER

TABLE I (Continued)

Proton
energy
(GeV) Target

Type of
fragment ~

Cross section
(mb)

Freq. per
nuclear

interaction" Reference

2.0
3.0
6.0
9.0

2.0
3.0
6.0
6.2
9.0
9.0

24.0

2.0
3.0
6.0
9.0
3.0
1.0
2,8

1.0
2.8

1.0
2.0
3.0
4.5
5.9
3.0

29.0
3.0

29.0
3.0

29.0
1.0
2.0
3.0

Emul.
Emul.
Emul.
Emul.

Emul.
Emul.
Emul.
Emul.
Emul.
Emul.
Emul.

Ag
Emul.
Emul.
Emul.
Ag
Ag
Ag

Ag
Ag

Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag

8Be
8Be
8Be
8Be

B
B
B
B
B

8BqV~& 8)

BPlg& 8)

C
C
C
C

11C

16C

f6(

17N

~VN

1.8F
18F
i8F
8F

18F
20Ne

20Ne

e
e

22Ne

~2Ne

24Ne

24Ne

~4Ne

8.2+1.7
7.7+1.3
8.0 +1.8

10.4 + 2.2

5.5 + 1.9
8.3+2.7
8.5+3.-4

9.0+1.5

2.0 +0.9
2.2+1.3
2.7 +1.8
2.6 +0.8

2.3
0.028
0.18

0.163
0.99

0.20
0.55
1.7
1.9
1.5
6.5

15
6.5

15
6.1

13.7
0.02
0.09
0.21

0.08

0.0006
0.0014

21
21
21
21

21
21
21
19
21
28
29

21
21
21
21
d
61
61

61
61

59
59
59
59
59
54
54
54
54
54

60
60
60

3.0
3.0

30.0

1.0
2.0
3.0
3.0
3.0
4.5
5.9

30.0
30.0

Ag
Ag
Ag

Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag

Na
"Na

Na

24Na

24Na

'4Na
24Na

'4Na
24Na

24Na

'4Na
~4Na

1.1
1.14
2.2

0.30
1.4
2.7
2.1
2.24
4.1
3.3
4.1
4.7

60
56
60

59
59
59
60
56
59
59
56
60

The symbol Nz in this column refers to the total of gray and black tracks accompanying the fragment as observed in

the emulsion studies.
~ The total cross section for nuclear interaction on Ag by GeV-energy protons is approximately 1200 mb.

O. Skjeggestad, thesis, Oslo (1965).
R. Sharp, unpublished data.
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terval dk from a nucleus excited to a temperature
v and characterized by a barrier B to the escape
of the fragment. To correct for recoil during the
escape of the fragment the disintegration energy
c is related to the observed energy E by the equa-
tion, E = (1 -m/ M}e, where m and M refer to the
mass of the fragment and the emitting nucleus, re-
spectively. This correction has often been ignored,
but it is important. If the experimental data are
sufficiently extensive to define the energy spec-
trum at several angles it is possible to employ re-
vised equations (see Refs. 6, 22, 34, 35, and Vl,
for example} which allow for the effect on the spec-
trum of the velocity, v, of the excited nucleus that
emits the fragment.

In Table II we summarize the ~, B, and v parame-
ters reported by representative authors to de-
scribe fragment spectra from proton bombarded
emulsions. Most of these are for 'Li hammer
tracks, but there are some for Li, Be, B, C, and
N identified by the track area method. A particu-
larly complete set of data has been published by
Stein"" for the case of 25-GeV proton bombard-
ment. Additional data for emulsions bombarded
with other types of particles are collected in Ta-
ble III.

In these tables the temperature parameter falls
in the range of 10-15 MeV which is regarded by
many authors as a physically unreal value, be-
cause if all nucleons in the nucleus were in fact

raised to this energy the total nuclear excitation
energy would exceed the total binding energy of
the nucleus. The Coulomb-barrier parameter B
is universally found to be lower than would be es-
timated for the emission of the fragment from a
silver nucleus, even when allowance is made for
the reduction in nuclear charge of the parent nu-
cleus by the loss of charged particles in the cas-
cade step. Ideas which have been advanced to ac-
count for this barrier lowering include the in-
crease of the nuclear radius by nuclear expansion
at high temperature, ~ the occurrence of large am-
plitude surface vibrations, "and the formation of
highly deformed nuclei. '~ '

The moving-system velocity parameter, v, falls
in a range which seems reasonable although the
value deduced from the analysis is somewhat high-
er than that expected on the basis of estimates
from Monte Carlo calculations of the cascade step.
There should also be a correspondence between
this parameter and the forward-to-backward ratio
for fragment emission. Most authors are success-
ful in reconciling the two values obtained from the
analysis of their data, but a few report an incon-
sistency in this regard. This inconsistency is al-
ways in the direction of more forward peaking
than expected.

While it is true that this empirical curve fitting
is successful for the main part of the energy spec-
trum, it is almost uniformly reported that it is not

TABLE II. Selected literature values of parameters describing fragment energy spectra from emulsions bombarded
with high-energy protons.

Fragment

Proton
energy
(GeV)

Most
probable

energy, E&
(Mev)

Temp,
T

(MeV)

Effective
barrier

B
(MeV)

Velocity
v/c

Forward
Backward Reference

8Li
8Li
8Li
8Li
'I,i
8Li
8L.

6Li
7Li

~Be
'Be
'Be

8B
10B

10'
12C

N
'4N

9
9
9

19
24
25
28

25
25
25

25
25

25
25

25
25

18
~15

~]8
18
20

20
23

37
23
43

~40
47

45
45

60
65

12
9

10
10
12
10
10

16
16

17
11
17

14
15

14
14

14
14

3-5
5
5
5

3-5
4

10

15
9

15

18
25

26
26

37
37

0.013
0.017
0.015
0.015
0.015
0.008
0.014

0.007
0.007

0.0225
0.008
0.020

0.020
0.021

0.018
0.018

0.019
0.018

1.44

1.7
1.65
1.54
1.2

1.2
1.2
1.8
1.2
1.8
2.0
1.8
1.8
1.8

22
30
27
31
22
35
34

35
35

35
35
35

35
35

35
35



TABLE DI, Fragment energy parameters from emulsions exposed to cosmic rays, x and I mesons, and antiprotons.

Type of bombarding
particle Fragment

Most
probable

energyp gp
(MeV)

Temps
'T

(MeV)

Effective
barrmr

B
(MeV)

Velocity Forward
v /c Backward H,ef.

Cosmic rays
Cosmic rays
Cosmic rays
4.5-GeV m—

4.5-QeV n.

1.5-GeV X
3-GeV K-
5-QeV anti-P

5-GeV anti-p
5-GeV anti-P

Liglg = 7—35)
&Li

SBe

'Li
Be

'Be
'Li
'Li
~Li
'Li
'Be
8Li

'Li(y~ & 7)

11.5
9.5

19
11
11
15

8
8
7
7

12.2
13.9
16
11.2
13.9

7
9

10
9

16
17
17.8
5.8

17

0.016

0.010
0.01
0.01
0.01
0.0055
0.0055
0.0055

0.0055

1.5

1.7
2.8

1.7
1e6

0.9 +0.1

5

5
40
40

successful for the highest fragment energies, par-
ticularly at forward angles. The excess of frag-
ments at the higher energies may represent contri-
butions from the cascade step, but direct knockout
of nuclear clusters by the incident particle is dis-
counted' "as the mechanism ef this contribution.
Various hypotheses concerning the possible role of
nuclear interactions by the cascade particles with
nucleonic clusters in the nuclear surface have
been formulated, but no formal theory has been
proposed for fragments heavier than helium ions.

It is an interesting fact also that the fragment
energy spectra do not vary much with proton bom-
barding energy. Perfilov, Lozhkin, and Shamov6'

in their review of this point~ state that no app1eel-
able change occurs in the proton energy range 660

MeV to 6.2 GeV. This is apparent also from the
entries in Table II. There are greater changes
when mesons ox antiprotons are substituted for
protons (see Table III), but these changes are not
as great as one might have expected. Stein'6 re-
ports that the fragment energy spectra in nuclear
emulsions bombarded with 5-GeV antiprotons and
with 25-GeV protons are quite similar.

In Sec. IV at the end of this paper we present
the results of a similar curve fitting to our own

data, including comments on the agreement or dis-
agreement with the values listed in Table II and on
our interpretation of the meaning of the parame-
ters. In Sec II we describe our experimental
methods and in See. III we present the results.

Fragments

Col limator

Col limator~

Pile- up
rejector

I

Preamps ]~ I

I

I

I

l

I

l

I

Delay

Amp. = Delay

E rej~ Coinc, . = Coinc.
anti

Valid event

Linear
gate

Linear
gate

Open

To ADC
and computer

Particle
identifier

Master )

Particle signal

total

Slow —ADC gatecoInc.

l computer
ready signai

FIG. 1. Simplified schematic diagram of the particle-identification system with a single DE counter.
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TABLE IV. Counter telescopes used in this stud . T
E counters

in is s y. The numbers given are the th'

rs, followed in parentheses by the low
e thicknesses in microns of the 8$

s e ower discriminator setting in M V fin e o the E counter.

Isotope 1.0 mg/cm2 Ag
Target

7.1 mg/cm' Ag 25.9 mg/cm2 Ag

i -3H

SHe, 4He

8He, '-'Li
VBe

S,iOBe S,io i3B

io-i4C 14,15N

C-Si

20-168{3)

20-168(3)

20-168(6)

20-168(6)

20-168(10)

100-1500(2), 250-3000(4)

61-250(4), 100-1500(2), 250-3000(4)

61-250(4), 168-3000(20)

61-250(10), 168-3000(20)

61-250(10)

61-250(10)

250-5000(5)

250-5000(5)

lo

lo'—

I ~ ~ I I I g I ~

(a)
]IHI

lo'.—

Li Li

IO

CP

O
O

IO':—

lO
cL 0

lo',
O

C3

'Be
lo~ =

I . . . I

I28 64
I

l28
I

l92 256

l2(

I. . . . . . . I

320 384

Pulser ~

l0
88

l4g I5

lO' . . I

l92
~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ I

256 320
I

384 256
Channel number

,
I'

I

320 384 448

FIG. 2. (a)-(d) Re re) presentative particle s ectra fp g

scope.
- m etector except for part {a) whi hw c was measured with a 100- 1

ver as measured by a telescope with a 61-a -pm
a —,1500-pm ~-E detector tele-
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10—
Pulser

0)
C

~~ l0
O

CL

Ne

Na

Mg

l Al

FIG 3 Spectrum of
elements ejected from
a 1.0-mg/cm~ silver
target and measured in
a telescope with a 20-
pm d E detector.

~ I I

64
I

I28
I

320
I. . . . . , . I

I92 256
Channel nuraber

384 448

II. EXPERIMENTAL

10 - ~ ~ ~ ~&Iss»i»i&Iirs»s»lIl&s»»»Il4
l IIIIIIIII lllililll lllllilllIllllI4

He

IO

ill 6LI ~) IO

—10
Cy
O

LLJ

b IOO=

~q V4 ~ ~'Be ~g

~ 0~ +
~ I~

~ ~ ~ ~ ~~ ~~ eg ~ I~ + ~~ g ~ ~ g~
~ 0

~ E ~

I I l I I I I I I I I I I I I
I

I I I I l l I I t

10
~ 0 ~ ~

~ ~ ~

IO
0

~ I I I I s I I I I I I I I I i I I I i I I Ii I I I I I I I I I l I I I I I I I I I I I I Ii s I I I I I I I I l l l l l l l l l I l l l

20 40 60 80 100 120 140

Energy (MeV)

I III III IIIIII III II III lllll
160 I80 200

4 6 aFIG. 4. Energy spectra for the isotopes He, LI., and
~Be ejected from silver targets at 90 to the beam. For
each isotope, data points from three measurements with
different telescopes are shown.

Thin targets of silver were placed in a 36-in. -
diameter target chamber located in one of the 5.5-
GeV external proton beams of the Bevatron. Frag-
ments ejected from the target were measured in a
telescope of silicon semiconductor detectors. The
electronic system associated with these detectors
is shown in Fig. 1. Each fragment was identified
and output signals were produced characteristic
of the particle type and its energy. These signals
were fed to an analog-to-digital converter (ADC)
and then to a small computer which produced histo-
grams of the particle spectra and the energy spec-
tra of individual fragments. Complete details of
the electronic circuitry and identification tech-
niques are given in Ref. 1.

Self-supporting silver metal targets with thick-
nesses of 1.02, 7.14, and 25.9 mg/cm' were used.
All the foils were larger than the beam size

which was typically & in. wide by 8 in. high. The
7.14- and 25.9-mg/cm' foils were stretched across
a 3.5-in. by 6-in. hole cut in a rectangular alumi-
num frame. In the case of the 1.02-mg/cm' silver
target a 0.000 25-in. -thick Mylar sheet was first
glued to the aluminum frame, a 1-in. by 1.5-in.
hole was cut in the center of this Mylar and the
silver foil was glued across the hole. Beam puls-
es 0.8 sec long and containing about 3~10"pro-
tons occurred every 6 sec.

The fragment telescope consisted of three phos-
phorus-diffused or lithium-drifted silicon detec-
tors with associated collimators mounted on an
arm which could be positioned at any angle to the
beam from 20 to 160 . Table IV is a listing of the
detector telescopes used in this work. The rea-
son for the variety was that it was not possible to
measure the entire energy spectrum with one coun-
ter telescope nor was it possible to achieve good
particle identification for all fragments by use of
a single choice of thicknesses for the ~ and E
detectors. It was necessary to combine data from
experiments made with two or more different com-
binations of detectors in order to determine the
energy spectra over a broad energy range. A mon-
itor telescope provided the necessary information
for a normalization of the data from different ex-
periments, as described in Ref. 1. The data were
corrected for the fraction of events rejected by
the pileup rejector and the fraction lost because of
computer dead time. The energy spectra were
corrected also for absorption in the target and the
dead layers of the counters.

Representative particle spectra from this experi-
ment are shown in Fig. 2. Most of the spectra in
Fig. 2 were obtained with a telescope containing a
61-p, m ~ detector. The particle spectra for the
telescopes utilizing a 20-p, m ~ detector were not
as good as those in Fig. 2, but they allowed us to
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TABLE V. Total cross sections and forward-to-
backward ratios for fragments from silver irradiated by
5.5-GeV protons.

Fragment o. .(mb)

~H

H

H
3He

4He

6He

YLl

8Li
'Li
vBe
'Be
"Be

3990
1240 ~

690 ~

345'
2030

19.2
55
69
12.8
2.6

17 4
15.4
10.1

1o23

1.16
1.36
1.30
1.38
1.50
1.74
1.42
1.39
1.38

~ Hydrogen yields refer only to that part of the spec-
trum lying below 28, 32, and 42 MeV for the isotopes
H, H, and H, respectively.

In the 3He case a correction of 8.8% was applied for
the unmeasured part of the spectrum lying above 90 MeV.

~ Absolute value determined by radiochemistry (see
Appendix of Ref. 1); all other values in this table were
normalized to this value.

particles penetrated the thickest detector tele-
scopes used.

In the case of helium and lithium good data were
obtained on the prominent isotopes 'He, ~He, 'Li,
and 'Li. The curves for the less prominent iso-
topes 'He, 'Li, and 'Li were more poorly defined
particularly as to the exact location of the most
probable energy.

The data on 'Be and "Be extend down just below
the maxima of the spectra, which made it possi-
ble to estimate the missing sections down to zero
energy. The 'Be and "Be data were of comparable
quality at all angles, but the 'Be data at 20 and
160' were less definite in the peak region because
of some background effects in those particular
runs.

At boron the experimental low-energy cutoff is
near or slightly above the maximum in the energy
spectrum so that we can only specify an upper lim-
it for the most probable energy. For elements
above boron only a section of the- energy spectrum
lying well above the turnover point could be
studied. Hence, it was not possible to extrapolate
the curves to zero energy and to make the integra-
tions necessary to determine angular distributions
and total yields. In this respect this study of frag-
ments from silver was considerably restricted com-
pared withour previous study of fragments from
uranium' in which we were able to define the re-
gion of the energy maximum for all products up
through isotopes of carbon. The reason for the

difference is that, while the experimental cutoffs
are the same in the two experiments, the frag-
ments from silver leave behind much lighter re-
sidual nuclei: and- therefore have greatly reduced
energy from Coulomb repulsion.

In the case of the Li and Be fragments from sil-
ver we call attention to the fact that the cross sec-
tion increases at the more forward laboratory an-
gles and that the positi. ons of the maxima in the
energy spectra move to slightly higher energies.
This is the expected behavior for emission of frag-
ments from an evaporating nucleus having a for-
ward-momentum component. This again is in
agreement with the literature reports on 'Li ham-
mer tracks.

It may also be remarked that the neutron-defi-
cient isotopes have energy spectra with smaller
slopes in the high-energy region than do heavier
isotopes of the same elements. This is evident in
Fig. 12, where all the curves at 90 to the beam
are displayed on a single semilogarithmic plot.
Here all the solid curves show roughly the same
slope at high energy, but the broken curves which
represent the neutron-deficient isotopes of 'He,
'Li, 'Be, 'B, "C, and "C are distinctly flatter.
Such a difference could be explained by the suppo-
sition that neutron-deficient fragments are pro-
duced from nuclei which are excited to a higher
nuclear temperature as a result of events with larg-
er deposition energy in the fast nucleonic cascade.

In Fig. 13 are displayed the segments of the en-
,ergy spectra measured for the elements carbon
through silicon at three angles to the beam. The
differential cross sections of the elements de-
crease with increase in atomic number, which is
qualitatively different from the analogous data' for
a uranium target.

In Fig. 14 are shown the laboratory angular dis-
tributions obtained by integrating those energy
spectra which could be extrapolated to zero energy.
All the angular distributions are' similar except
those for the hydragen isotopes, for which the data
do not extend into the high-energy region. For 'He,
'Be, and "Be small corrections were made for
the extrapolation to high energies. From these
angular distributions the fraction of the events in
the forward and backward hemispheres was de-
termined and the ratio was entered in Table V.
The values for 'He and 'He are somewhat less than
those for the other nuclides. The heavier isotopes
of Li are somewhat more prominent in the for-
ward direction than are the lighter isotopes al-
though in this connection the values for 'Li and
especially 'Li are much less well determined than
those of the more abundant 'Li and VLi. Qo.r for-
ward/backward value for 'Li agrees with the litera-
ture values quoted in Tables II and III for proton
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fragment energies, a clear identification of many
more species than only 'Li, and a separation of
the data into spectra at five angles with respect to
the beam. On the other hand some of the impor-
tant parameters, such as the center-of-mass ve-
locity, are crucially dependent on the shape of the
spectra in the region of the maxima near the effec-
tive Coulomb barrier, and it is here that our data
are least certain in several instances owing to the
instrumental cutoff at low energy.

We represented the energy spectrum in the mov-
ing system of the evaporating nucleus by the ex-
pression

(a)+ a
P(e) = g (e —kB)e (' I ', e & kB, (2)

e=(n)-&

where c is the disintegration energy, B is the
nominal Coulomb barrier and kB is the effective
Coulomb barrier. Summation of several distribu-
tions calculated for values of k ranging from below
and above an average value (k) by an amount h
was included in order to reproduce the widths of
the experimental spectra. This factor 4 is not the
uncertainty in k but the amount of smearing of k
needed to reproduce the width of the peaks. Ex-
cept for this smearing the expression (2) is identi-

cal with Eq. (1) given earlier. The factor v' has
been removed from the denominator as it does not
affect the shape of the spectra and we were inter-
ested only in the shapes.

The nominal Coulomb barrier B was computed
by a tangent spheres estimate from the Z and A.

values of the fragment and the residual nucleus by
use of a radius parameter of 1.44 F. We esti-
mated that 43Tc" was a reasonable choice for the
average emitting nucleus from a consideration of
past discussions"" of the knock-on cascade step
in the interaction of GeV protons with a complex
nucleus like silver. The results are rather insen-
sitive to this choice as verified by substituting

4,Rh or 40Zr
' for the emitting nucleus in test

calculations.
The energies of fragments of mass A were cor-

rected for the recoil of the residual nucleus and
related to a velocity V in the moving system by
the equation

(1 -A/96)e =-,'IV'.

At 90' the laboratory energy, E, was taken equal
to e(1 -A/96). To calculate Vz, the laboratory
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FIG. 8. Energy spectra for beryllium isotopes at five angles to the beam. See caption for Fig. 7.
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d20 E
dEdA e dE

(4)

This is proportional to P(e)~E/&/(d V~/d V)

quantity d V~/d V would be equal to one in the ab-
sence of a correlation between Vand v. We used

10 I

10

velocity, for the 20 and 160' spectra, the velocity
of the moving system, v, was simply added to and
subtracted from V, respectively. This is strictly
true at 0 and 180', respectively, and is in error
by 0.06(v/ V) at our angles, which distorts the cal-
culated spectra, but mainly below our low-energy
cutoff.

The laboratory cross sections were calculated
from P(~) via the relationship

a correlation of the form

v -(~) V-(V)
(~& (V&

where the average quantity (V) was taken to be the
root mean square Vobtained from the average en-
ergy (e), which is equal to (k)B+2r for a Maxwell-
ian distribution. A positive correlation factor n
means that fragments emerging from the moving
system with more than average velocity are emit-
ted from parent nuclei having a greater than aver-
age moving-system velocity.

In the first stage of the analysis families of com-
puter calculated curves were compared with the
90' spectra to determine "best" values of the pa-
rameters v, (k), and h. It was found that more
than one value of T was necessary. This fact in
itself makes it questionable whether it is possible
to extract meaningful parameters with this simple
functional form. Perhaps the fact that 90%%uo or so
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of the cross section falls in the peak region where
a single temperature value applies is justification
for proceeding. The temperature values listed in
Table VI gave a reasonably good fit around the
maximum in the spectrum but there was a continu-
ous change to higher temperatures above the maxi-
mum. In Table VI the temperature parameter, ~HE,

gives the temperature which fits best at the highest
portion of the spectrum recorded at 90'.

Our values of ~ for the lithium isotopes fall with-
in the range of the literature values for 'Li given
in Table II. As far as the effective Coulomb bar-
rier is concerned we agree with the literature in
that the values required to fit the data are substan-
tially lower than the nominal Coulomb barriers ob-
tained from tangent spheres. The (k) values of
0.4 to 0.55 listed in Table VI agree with the values
we obtained in the study of fragments from urani-
um, and our discussion in that paper' of the possi-
ble reasons for this striking phenomenon can ap-
ply as well to the present results. Other authors
who comment on possible explanations of this phe-
nomenon are cited in the Introduction. However,
our (k)B values are somewhat larger than the ef-
fective barrier values listed in Table II. This may
be related to the fact that our values were deter-
mined from 90 data, whereas most of the litera-
ture values came from an analysis of data at all
angles. Also in some of the studies in the litera-
ture no correction was made for the recoil sharing
of the disintegration energy between fragment and
its residue; if the data points are not corrected
for this the fitted value of the effective barrier is
lowered.

The experimental data at 20 and 160 were used
to determine a value for the velocity of the emit-
ting system. We computed sets of curves for vari-
ous values of v and n and compared them to the
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FIG. 12. Composite figure showing energy spectra of
isotopes of H through N at 90' to the beam. Curves are
displaced by the scale factors listed at the upper right of
the figure.
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data. The selection of the v value was made on the
basis of the shift of the position of the most proba-
ble energy from 20 to 160' and is dependent on the
,quality of the data in the peak portion of the spec-
trum. The results are entered in Table VI. The
'He and 'He spectra showed no shifts in the loca-
tion of the peak from 20 to 160'. This corresponds
to a low average velocity for the emitting nucleus
and is in keeping with the ease of emission of such
fragments from nuclei at all levels of excitation
down to the lowest.

The values for 'Li and 'Li are rather well deter-
mined within the limits stated, while the data for
'Li, 'Li, and 'Be provide only a rough indication
of v. For 'Be it is clear that the velocity is great-
er than the 0.006c value measured for the heavier
isotopes but the 20 data in this ease were not
clear cut and a better value was Qot established.
However, we have a real discrepancy with the val-
ues listed in Table II. Our values are substantially
lower than the literature values except that we do
have agreement with several of Btein's values. "

Attempts to determine values of the correlation
parameter, n, defined by Eq. (5) were only par-
tially successful. In the case of the 'He and 4He

spectra it became clear that no combination of T',

v, and e couM explain the increase in the high-en-

ergy parts of the spectra in going. from 160 to 20 .
The difficulty stems from the fact (seen clearly in
Fig. 6) that the increase in the spectra between
160 and 90 is much Iess than that between 90 and
20, i.e., there is a much stronger probability of
forward ejection of energetic 'He and 'He than can
be -explained by any simple evaporation model.
The 45 and 20' data may have a big contribution
from the knock-on cascade step of the reaction"
or from the pre-equilibration evaporation step. "
The RQRlys18 of the L1 RQd Ll dRta definitely iQdl-
cated a need for an n value of 2 + 0.5, but even with
this -strong correlation the data in the high-energy
parts of the -spectra indicated a favoring of emis-
sion in the forward direction. The quality of the
fit to the 'Li data can be seen in Fig. 15. The be-
ryllium data also indicated the need for a positive
correlation of v and Vand a somewhat better de-
scription of the 20-90-160' data could be obtained
from the calculated curves, as shown in Fig. 16.

For the element spectra for caxbon through Sili-
con some correlation of v and V is seen to be re-
qull'ed just by an inspection of Plg. 13. There ls R

change in slope between 20 and 160', whereas with
no correlation of v and Vthe slopes at high energy
should be the- same. If we assume a moving-sys-
tem velocity of 0.008m/c t'he value of n which gives

TABLE VI. Parameters obtained from curve fitting.

Nuclide

Nominal
Coulomb

bal rler B
(MeV) (MeV)

+HK

(MeV)

Moving-system
velocity

(v)/c

3He

'He
'He

7Li

Li
~Be
'ae

"Be
8B

10B
i1B
i2B
f38

C

13.7
13o4

13.0
19.
19,

18..
24.
24.

29.

29.
29.
28.
28.
33.3

37.
41,

0.39
0.55

0.45 +-0.1
0.45 +0.1

0..5 +0.2
=0.45

0.45
10
11

&0.003
&0.003

0.008+0.002
0.008 +0.002

0.008
0.008 +0.003

0.006 +0.002

Mg
Al
Si
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agreement with the data is about j.. Carbon, which
can be taken as typical of the group is shown in
Fig. 17. Over the limited range of experimenta, l
data the element spectra from carbon to silicon
can be described by the evaporation model much
better than the Li, Be, and 8 spectra. However,
it cannot be determined from our data how good
the fit is in the crucial peak region of the spectra.

Cumming et al.62 measured the distribution of
"Na in a stack of thin plastic foils placed at 90 to
a silver target bombarded with 2.9-0eV protons
and from these measurements determined the "Na
energy spectrum from 0.4 to 51 MeV. Our sodium
spectrum (Fig. 13) covers a higher segment of the
energy range so it is difficult to compare the two
studies.

B. Comparison arit Stein's Results

One of the most extensive previous studies of
fragments from silver is the emulsion study car-
ried out by Stein" "for 25-GeV protons. It is to
be expected that there will be differences in the
results between 5.5- and 25-GeV proton energy,
but it is interesting nontheless to compare the

fragment characteristics found in the two studies.
See Table VII.

For'the bthium isotopes the agreement is rea-
sonably good if we compare values for E~, v, V,

or (k)B, center-of-mass velocity, and E/B ratio.
The main difference is the higher effective Cou-
lomb barrier and E/8 ratios found in the present
study. Also Stein finds a slight shift to higher en-
ergy, which we do not see, for the most probable
energy of 'Li and 'Li compared to 'Li, but this is
not a lal'ge disagreement.

In the beryllium isotopes there are larger dif-
ferences. Stein reports most probable energies
for 'Be and 'Be of 37 and 43 MeV, respectively,
whereas we report 22 to 20 MeV, respectively.
On the other hand Stein's value of 23 MeV for 'Be
is in excellent agreement with our values for 'Be
and 'Be. There is a similar discrepancy in the
boron data. We do not observe the turnover point
in the spectrum, but we can place the most proba-
ble energy, E~ at &26 MeV for '8 and "B, whereas
Stein reports a turnover at -40 and 47 MeV, re-
spectively, for these isotopes. Also in our spec-
tra for the unseparated isotopes of carbon and ni-

TABLE VD. Comparison of fragment energy characteristics (this work and Stein).

Nucli. de

Ep
Most
prob.

energy (MeV)

Temp,

(MeV)

Effective
ba,rrier

(MeV)
Velocity

e //c

Forward
Backward

Heference
P (present

work)
S (Stein)

'Li
8Li

Li
7Li

'Li
SLi

8Be
'Be

'0Be
10Be

22
37

11
16

11
17

(undetected)

8.5
4

8.5
4

11
15

11
15

0.008
0.007

0.008
0.007

0,008
0.008

0.008
0.022

0.008

0.020

0.006

1 3
1.2
1.38
1.2
1.50
1.2
1.42
1.8

1.39
1.8
1.38

fOB

10B

C (aH
isotopes)

44C

N (all
isotopes)

"N

0.021 1.8
P
s
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trogen we see no turnover down to carbon energies
of 33 MeV and nitrogen energies of 38 MeV, where-
as Stein reports a turnover for "C at 45 MeV and
one for "N at 65 MeV.

The trend of these results indicates that in those
cases where the emulsion tracks give a unique
identification of the fragment (e.g., 'Li and 'B iden-
tified by a hammer track), there is fairly good
agreement between the two studies. On the other
hand, for Be and higher Z elements, where the
emulsion identification must be made by the track-
area method, there are discrepancies which are
in the direction to indicate that there is a consid-
erable loss of events at the lower part of the spec-
trum. We have no experience with emulsion tech-

FIG. 14. Laboratory angular distributions of isotopes of H, He, Li, andand Be obtained b integration of curves from
Figs. 5-8.

niques so we cannot make a personal evaluation of
the problem, but we note that several authors have
discussed"" the great difficulties in using the
track-area method at the lower end of the energy
scale. Stein was well aware of these difficulties
and discussed them at length in his thesis, but
was satisfied that his improvements in technique
had pushed the method down to the energy ranges
which he quoted in his final results. The discrep-
ancies we have found here suggest there may be
some remaining difficulties. However, we must
repeat that our results are for 5.5-GeV protons
while Stein's are for a, 25-GeV energy, and there
could be real differences in the fragment charac-
teristics.
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FIG. 15. Experimental data for ~Li at 20, 90, and 160'
compared with theoretical curves with the following pa-
rameter choices: v=11, (A)=0.5, v/c=0. 008, n=2, and

6= 0.1. The curves were normalized to the data at the
peak of the 90' data. Scales are displaced for the 90 and
160' curves.

C. Application of Two-Step Model
of High-Energy Reactions

The evaporation analysis discussed in the Intro-
duction and applied by us in Sec. IV A is well known
to be grossly oversimplified because a variety of
nuclei of different charge, mass, and excitation
are produced in the initial encounter of the target
nucleus with GeV particles. " One can still justify
the analysis partly on the grounds that fragment
emission is strongly dependent on nuclear excita-
tion so that the observed fragment energy spectra
are representative chiefly of the fragments formed
only from the most highly excited nuclei remaining
after the fast cascade step. Nonetheless, a more
proper way to compute the expected contribution
of evaporation processes to the observed fragments
is to start with the set of excited nuclei computed
from a Monte Carlo calculation of the cascade step
and to apply evaporation theory to each nucleus in
this set. Since the usual excitation is very high,
several particles and/or fragments must be emit-
ted before the nucleus is deexcited and thus a Mon-
te Carlo technique is again an appropriate mathe-
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matical method for this complex problem. This
approach to the prediction of the, properties of nu-
clear evaporation in high-energy reactions is dis-
cussed elsewhere, ""where the problems, limita-
tions, and successes are outlined. Katcoff, Baker,
and Porile" carried out such Rn. analysis to de-
scribe the properties of 'Li fragments ejected
from Ag targets bombarded with 2-GeV protons.
Their calculation predicts that the peak in the en-
ergy spectrum -should occur near 20 MeV for 'Li
emitted at 90' to the beam and that this peak ener-
gy should shift slightly higher and lower for frag-
ments emitted at forward and backward angles.
This result is in reasonable agreement with the
experimental data obtained by those authors and
with the Li data obtained in the present study.

On the other hand, these authors found that the
shape of the calculated and experimental spectra
agreed only zoughly. The experimental spectra
were broader and had more intensity in the low-
energy part of the spectrum as well as in the high-,
energy portion well above the maximum. Further-
more, the experimental angular distributions were
more forward peaked than predicted by the calcu-
lation.

Grigor'ev and co-authors" did a similar de-
tailed calculation of the predictions of the cascade-

2}0-IiI I I i I I I ] I I I I i I ii I ] I i i I I I I I i [ l i I i ii ii i ) I I i I I i i I

IO

IO

evaporation model for the case of 'Li produced by
nuclear evaporation during the interaction of Ag
targets with 660-MeV protons. The results of this
calculation were compared with experimental data
taken by the authors. In order to get agreement be-
tween theory and experiment it was necessary to
use an effective Coulomb barrier which was 0.7
times the nominal barrier. These authors found
gross discrepancies between theory and experi-
ment on the shape of the spectra and angular dis-
tributions and concluded that it was impossible to
describe all the data on the basis of a statistical
decay of excited nuclei.

The conclusions of both these papers are in
agreement with the discussion in Sec. IV A of our
attempts to fit our data with a very general evapo-
ration spectrum. We also see an excess of events
in the high-energy region of the spectrum. We
also are unable to select a set of evaporation pa-
rameters including a center-of-mass motion pa-
rameter which will generate a satisfactory simul-
taneous representation of the energy spectra at
20, 90, and 160; the discrepancy is in the direc-
tion which indicates a significant favoring of emis-
sion in the forward direction, as shown for exam-
ple in Figs. 15 and 16.
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FIG. 16. Experimental data for YBe at 20, 90, and 160
compared with theoretical curves with the following pa-
rameter choices: 7 =11, {k)=0.5, v/c =0.008, n =2, and
4=0.1. The curves were normalized to the data at the
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FIG. 17. Experimental data for the element carbon at
20, 90, and 160' compared with theoretical curves based
on the following parameters: v =11, (k) =0.5, v/c =0.006,
n =1.0, and 4 =0.1. The curves were normalized to the
data for 90' only, which are represented by dots.
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Study of the (d, p) Reaction on Si, S, and Ar at Ed = 18.00 Mev*
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The reactions Si(d,p) OSi, S(d,p) S, and 36Ar(d, p)3 Ar were studied at an incident deuteron
energy of 18.00 MeV. Some Si(d,p) 9Si data were also obtained at an incident deuteron energy
of 21.00 MeV. Angular distributions were obtained for proton groups leading to states in the
residual nuclei 9Si, 33S, and Ar with excitation energies up to approximately 8 MeV. With
the use of distorted-wave Born-approximation (DWBA) analyses, spectroscopic factors were
obtained for all (d,p) transitions which displayed direct-reaction characteristics. J depen-
dence was observed in l =2 (1d) and l =1 (2p) (d,p) transitions for E~ =18.00 MeV. The spec-
troscopic factors obtained in this experimental study are compared with the predictions of cur-
rent theoretical models which treat nuclei in the upper s-d shell.

I. INTRODUCTION

This study of the (d, P) neutron stripping reac-
tion in the upper half of the s-d shell is the third
and final paper in a series dealing with experimen-
tal studies of deuteron-induced reactions on the
even-even, T = 0 target nuclei "Si, "S, and "Ar.
The first paper' dealt with 18.00-MeV elastic and
inelastic deuteron scattering on these three target
nuclei; in the second paper' experimental data on
the (d, t) neutron-pickup reaction obtained at 21.00
MeV were presented and discussed.

The original impetus for these experimental
studies was the suggestion by Ripka'- which he
directed specifically to "Si—that a combination of
particle-pickup and stripping reactions on a given
target nucleus could be used to study changes in
the equilibrium shape of the nucleus as particles
were added or subtracted. For example, if the
low-lying levels of "Si have a very different equi-
librium shape than that of the ground state of "Si,

then the "Si(d, t)"Sf neutron-pickup transitions to
these levels should be noticeably inhibited. A
further impetus for the "Si, "S, and "Ar (d, t) and

(d, P) experimental studies was the procurement of
accurate experimental spectroscopic information
with which current theoretical-model predictions
could be compared. Recently a group at the oak
Ridge National Laboratory' has performed an ex-
tensive set of shell-model calculations for nuclei
in the s-d shell (16& A & 40). In the upper s-d
shell (A & 28) these calculations consider a shell-
model basis which includes holes in the id», shell.
Thus they predict l „=2, 1d„,neutron-pickup and
stripping spectroscopic factors, as well as
l„=2, 1d3/g and l„=0, 2s„, spectroscopic factors.
In Sec. V we compare the predictions of the Oak
Ridge calculations with our experimental (d, p)
spectroscopic factors.

Many experimental studies have previously been
reported on the "Si, "S, and "Ar (d, P) reactions. '
However, very few of these experiments studied


