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Measurements of proton total reaction cross sections for Be, C, 'SF, 'Al, and Si have
been made in the energy range 20 to 48 MeV. These measurements were made using a
variation of a standard attenuation technique. The cross sections are compared with

various theoretical predictions.

NUCLEAR REACTIONS Be, C, ~F, YAl, Si; 20 MeV&T &48 MeV, between 8

and 14 measurements for each nucleus, measured: oz, natural targets.

i. INTRODUCTION; MOTIVATiON

When a nucleon interacts with a nucleus, only
two possibilities exist: The nucleon will either
be elastically scattered or it will initiate a reac-
tion (including inelastic scattering}. Hence, one
of the fundamentally important experiments in

nuclear physics is the measurement of total
reaction cross sections.

Specifically, total reaction cross sections are
of importance in the following areas.
(i}Optical model studies. The large amount of
existing data on the elastic scattering of nucleons
from medium and heavy nuclei has been success-
fully described by the optical model. ' This
model replaces the aggregate of nucleons with

a potential having several components: a com-
plex central potential plus a complex spin-orbit
potential. The optical potential can be interpreted
in terms of macroscopic features of the nucleus
such as the matter and charge distributions. ' The
optical model assumes a uniform potential repre-
senting the nucleon-nucleus interactions, and it
further assumes that the nuclear energy levels of

the compound system are close together so that
isolated resonances are not experimentally ob-
served. These assumptions are not clearly justified
for very light nuclei interacting with nucleons of
energies up to 40 MeV. Studies in this energy re-
gion can thus help to determine the limits of valid-
ity of the model and might indicate the need for
modifications. As an example, the study of elastic
scattering of protons from carbon below 30 MeV''
has required the use of Breit-Wigner resonance
terms in addition to the optical model potential. ''

Optical model studies' ' "have indicated that
its parameters vary with energy in a systematic
way. To study the form of this variation, a set
of measurements of the elastic differential cross
sections, the polarizations, and the total reaction
cross section is needed over a wide range of en-
ergies. In particular, the imaginary parameters
of the optical potential are quite sensitive to the
total reaction cross section.
(ii}. Few nucleon studies. Next to the elastic
scattering angular distributions, the most im-
portant experimental parameter to be reproduced
by theory is the total reaction cross section.
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Recently nucleon-deuteron disintegration cross
sections have been calculated within the Faddeev
formalism. "' ' Total reaction cross section, mea-
surements for very light nuclei should prove
useful in distinguishing between such calculations.
In addition total reaction cross sections provide an
important constraint on phase shift analyses of
nucleon elastic scattering.

To carry out measurements of proton total reac-
tion cross sections, a method has been developed
which is a variant of a standard attenuation tech-
nique. The details of this method are reported
elsewhere. "

In a previous paper, '" we have reported proton-
deuteron total reaction cross sections in the energy
range 20-50 MeV. In the present experiment, we
have been concerned with optical model studies
for light nuclei. Our study of the validity of the
optical model for light nuclei began with the
measurement of elastic scattering differential
cross sections for 46 MeV protons on 'Be and

The results reported here complete and

expand upon those studies. In particular, mea-
surements were made of the proton total reaction
cross sections for 'Be, C, "F, "Al, and Si between
20 and 48 MeV at the University of California
Los Angeles 50 MeV Cyclotron Laboratory.

Proton total reaction cross section data for light
elements were not plentiful in this energy region.
No measurements existed for fluorine, while
silicon was represented by a single measurement.
Most of the existing measurements for beryllium
carbon, and aluminum were at energies below
25 MeV. The available data, along with our re-
sults, are summarized in Fig. 1.

II. EXPERIMENTAL METHOD

The experiment was performed using a variation
of a standard attenuation technique. A tightly
collimated and momentum analyzed proton beam
[with an energy spread of 150 keV full width at
half-maximum (FWHM)] was transported to the
total reaction cross section apparatus, a schematic
diagram of which is shown in Fig. 2. Plastic
scintillator passing detectors 1 and 2 along with
annular detectors 3 and 4 provide the trigger
signal, (1 2 2 4), denoted Io, for an incident proton
unscattered by the passing detectors. After passing
through the target, the protons or reaction products
may enter the stopping detector telescope, com-
posed of the small plastic disk detector 5 and the
Csl(Na) stopping detector 6. All charged particles
entering detector 5 are accepted, while discrimina-
tion of the signal from detector 6 selects elastical-
ly scattered protons plus (depending on the par-
ticular nucleus) a few inelastic groups and a small
fraction of the continuum. The presence of an

OR signal (5+6) represents a nonattenuation event
I which in most cases is an unscattered proton,
but which can also be an elastically scattered
proton with 6~45' (the maximum acceptance angle
of detector 6), or an inelastic event with 9 ~ 9'
(the maximum acceptance angle of detector 5).
The difference (Io I) is measur-ed directly and

corresponds to attenuation events. This difference
can be related to the total reaction cross section
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FIG. 1. Proton total reaction cross sections for light
nuclei. Legend: x, Ref. 17; k, Ref. 18; g, Ref. 19;

i, Ref. 20; C, Ref. 21; (3, Ref. 22; A, Ref. 23; V,
Ref. 24; 8, Ref. 25; +, Ref. 26; (3, Ref. 27; , Ref.
28; and ~, present work.

Oetector 5

FIG. 2. Schematic diagram of the total reaction cross
section apparatus.
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after a number of corrections have been applied.
The most important corrections are for:
(i) Elastic scattering events: Protons scattered
with angles greater than 45' do not enter detectors
5 or 6 and are counted as attenuation events.
(ii) Charged particle reaction products (a): Charged
particle reaction products entering the stopping
detector 6 with energies above the energy cor-
responding to the threshold of this detector are
counted experimentally as nonattentuation events.
(iii) Charged particle reaction products (b): All
charged particle reaction products entering de-
tector 5 are counted as nonattenuation events.
(iv) Nuclear reactions in the detector 6 scintil-
lator: Protons which elastically scatter into de-
tector 6 and which initiate a nuclear reaction in
the scintillator may be counted as attenuation
events.

The experiment consisted of a series of target
"in" and target "out" measurements at each energy.
The energy was varied in steps of about 3 MeV
between 20 and 48 MeV. The energy of the incident
beam was obtained from a calibration of the bending
magnet located upstream from the total reaction
cross section apparatus. The calibration was ob-
tained from a series of energy measurements.
The energies were determined by comparing the
energy of the proton beam degraded through silicon
absorbers with the known n-particle lines in the
spectra of "'Am, '"Bi, and '"Po sources. Using
this method the uncertainty of the incident proton
beam was estimated to be +150 keV. Please see
Ref. 13 for details of the experimental method.

III. TARGETS

In the present experiment only solid targets mere
used. The beryllium and aluminum targets were
fabricated from stock specified to be 99.99% pure
or better. The carbon target mas made from
reactor grade graphite, and the silicon target
was formed from material containing less than
100 parts per million of impurities. The C,F,
target was cut from eommerieal teflon stock about
which no purity information could be obtained.

Reaction cross section measurements are fairly
insensitive to small concentrations of impurities.
In the present experiment, contributions due to
impurities mere neglected.

The thickness of the targets was determined by
two methods. First, the targets were measured by
a micrometer. Second, the targets were weighed,
and since each target was circular in shape, the
diameters of the disk were measured. The areal
density was then calculated. The weight determina-
tion was performed on an electronic balance and
was accurate to +0.001 g. The measurement of

IV. RESULTS

A. Data reduction

The total number of reaction events for both
target in and target out were found. The uncor-
rected cross sections were then calculated using
the formula

(I, -I ) (i, —i )
nx Io nxi,

where (I I) is the num-ber of attenuation events
for Io incident protons with the target in; (i, —i )
is the same as (I,-I) but for the target out; and
nx is the number of nuclei per em' in the target.
The corrections for elastic scattering events,
charged particle reactions products, and reactions
in the Csl(Na) scintillator were then applied to
a„„to produce the final value of the reaction cross
section a~.

The reaction cross section for fluorine was
computed using the expression

os = g (oc p
—2oc)

where 0 «and v~ are the corrected values of
3 4

TABLE I. Areal densities of targets.

Target
px

(mg/cm' j

nx
(nuclei/cm & 10 )

Be
G

G)F(
Al
Si

80.99
78.87
55.83
67.27
78.03

5.412
3.955
0.3362
1.502
1.673

the diameter was accurate to +0.001 cm. The
error in the areal density measurements by the
second method was a few tenths of a percent. All
such measurements agreed with the measurements
of the first method to within 1 jp. The proton en-
ergy loss in the targets was on the order of 1 MeV.

In order that the areal density determination be
of any significance, the uniformity of the targets
must be determined. The silicon target was
lapped, polished, and then tested optically; the
nonuniformity of this target was less than 0.1~/&.

The uniformity of the beryllium, carbon, and
aluminum foils was investigated with an electronic
height gauge which is capable of detecting varia-
tions of +0.00003 cm. Each of the three foils
varied by less than 0.0001 cm over its entire
surface. The C,F4 target was found to be uniform
to within 1 jp. The uncertainty in the value of
the areal densities was taken to be 1/p. Table I
summarizes the measurements of the areal den-
sity.
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TABLE II. Example of the comparison of the elastic
scattering correction for proton beams of various dimen-
sions.

Beam spot radius
(cm)

Elastic correction
(central axis calc. )

(mb)

0.000
0.003
0.005
0.008
0.025
0.130
0.250
0.510
1.270
2.030

22.4220
22.4220
22.4220
22.4221
22.4226
22.4335
22.4716
22.6863
26.8403
41.8268

the reaction cross section, of teflon arid carbon,
respectively.

B. Corrections

/. Principal corrections

The elastic corrections were obtained by in-
tegrating angular distributions of elastic scat-
tering differential cross sections from 45' to
180'. The data for these and the charged particle
reaction product correction (a) were obtained
from var ious sources' "' "' " "; when adequate
data did not exist, the appropriate measurements
were made. "'" The relative error in the elastic
correction was taken to be +7/~.

The charged particle reaction product correc-

tion (a) was obtained by integrating angula~ dis-
tributions of relevant charged particle data above
the detector 6 threshold setting (approximately
6 MeV below the elastic energy) and over the
angular range 9' to 45'. The data used are in-
cluded in the references cited above in the discus-
sion of the elastic corrections.

The charged particle reaction product correction
(b} was calculated. Data relevant to the stopping
detector 6 reaction correction were both measured
and calculated.

Details of the methods of determining the cor-
rections mentioned above are found in Ref. 13.

2. Other corrections

a. Finite target thickness correcfion. The
elastic and charged particle reaction product
corrections applied to the uncorrected cross
sections correspond to the energy of the incident
proton at the center of the target. The proton
energy changes by about 1 MeV as it traverses
the target, and thus it must be determined whether
the actual value of the correction to be applied
is equal to the value calculated for the energy
of the incident proton at the center of the target.
The corrections appear to be smooth functions of
energy; averaging the corrections at (T +0.5 MeV}
and (T -0.5 MeV} gives a correction which differs
by less than 1 mb from the correction at T. Thus,
this effect was regarded as insignificant.

b. Finite beam size correction. The calculation
performed to obtain the elastic correction assumes
that the proton beam has an infinitesimal cross
section, with all protons passing through the center

TABLE III. Proton total reaction cross sections for beryllium.

Energy
(Me V)

o (uncorrected)
{mb)

Elastic
correction

(mb)

Charged particle
reaction products
correction (a) '

(mb)

Charged particle
reaction products
correction (b) b

(mb)

Correction for
reactions in the

stopping detector
(mb) (mb)

46.2
43.1
39.7
36.8
34.2
32.2
30.2
27.3
25.1
24.5
22.1
20.1

353+ 5
356~ 5
382+ 5
398+ 5
410*5
430~ 5
452~ 5
481~ 6
493+ 7
510+ 6
535+ 7
565+ 8

-11+1

-11+1
-13~1
-18~1
-24~2
-29+ 2
-36+ 3
-47+3
-57+ 4
-59+ 4
-72+ 5
-83+ 6

+22+ 6
27+ 7

24+ 6
26+ 6
31+ 8
39+10
34~ 8
35+ 9
50 +12
41 +10
56~14
60+15

+9~9
8*8
9*9
9+9
8+8
6+6
8+8
8~8
6~6
7+7
6+6
6~6

—6+2
—5+1
—4+1
-4 ~1
-4+1
-4 +1
-4 +1
-3+ 1
—3+1
—2+1
-2 +1
-1+1

367+ 12
375 ~ 12
398~ 12
410 + 12
421+ 13
442 + 13
454~ 13
474+ 14
489+ 16
497~ 14
523 + 18
547+ 19

~ The variation from energy to energy for this correction is due in part to variations in threshold settings for detector
6 for some of the experimental runs.

" The variation from energy to energy for this correction is due in part to different detector 5 geometries for some of
the experimental runs.
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TABLE IV. Proton total reaction cross sections for carbon.

Energy cr (uncorrected)
(Me V) (mb)

Elastic
correction

{mb)

Charged particle
reaction products
correction (a) '

(mb)

Charged particle
reaction products
correction (b)

(mb)

Correction for
reactions in the

stopping detector
(mb)

o'g

(mb)

47.7
46.1
44.6
43.0
39.5
35.2
34.4
33.0
31.0
29.8
27.9
26.1
24.7
23.2

345+4
362+6
357+4
364~ 5
384~5
391~ 7

418~ 5
430~ 6
437~ 6
456+6
484+6
514+ 7
504~ 7
540~6

-19+1
-21+2
—24+2
—27+ 2
-38+3
—57~4
—61 ~4
-64~5
—67~5
—72~5
—95~ 7
-98+ 7

-102 ~ 7
—123 +8

+14+ 3
4~1

16 +4
22~6
15~4
32~8
18~4
14~3
28~7
26~6
11+3
11+3
25~6
29~7

10~5
9+4

10+ 5
6+3
8~4
6~3
9~5
7+4
7w4
8~4
9+4
9+4
8~4
7*4

-9+ 2
—10*2
-8+ 2
-9~ 2

-7+1
-6+ 1
—6+1
-6~1
-5~1
-4~1
-4+ 1
—3+1
—3+1

341 ~ 7

344 ~ 8
351 + 8

356+ 9
361 + 8

365 + 12
378~ 9
381~ 9
399 ~11
413 ~11
405 ~11
432 ~11
432 +12
452 ~13

' The variation from energy to energy for this correction is due in part to variations in threshold settings for detector
6 for some of the experimental runs.

" The variation from energy to energy for this correction is due in part to different detector 5 geometries for some of
the experimental runs.

of the target. The finite size of the proton beam
introduces a second order correction. For example,
a proton passing through the target off center may
be scattered elastically at an angle greater than
45' and still enter detector 6; it is also possible
that a proton be scattered at an angle less than
45' and not enter detector 6.

The effects of the finite beam size on the elastic
correction were studied by computer simulation.
The results of this calculation for proton beams
of different diameter are indicated in Table II.
Since the beam spot size was approximately 0.13
by 0.19 cm, the effect is apparently negligible.

C. Uncertainties in the final result

The principal sources of error in the experiment
are the statistical uncertainty in (io I) and-
(i, —i), the statistical error in subtracting (i, —i )
from (Io I) to dete-rmine the uncorrected cross
section, the uncertainty in the correction terms,
and the uncertainty in the measurement of the
target thickness. The statistical uncertainty can
be reduced to 1 /p by choosing a suitable counting
time. The error due to the uncertainty in the
target areal density was combined quadratically
with the statistical uncertainty in the quantities

TABLE V. Proton total reaction cross sections for fluorine.

Charged particle
Elastic reaction products

Energy o (uncorrected) correction correction (a) '
(MeV) (mb) (mb) (mb)

Charged particle C orrection for
reaction products reactions in the
correction {b) stopping detector o&(C2F4)

(mb) (mb) (mb)
o(C) o&(F)
(mb) (mb)

46.3
43.3
39.9
36.9
34.3
30.4
27.4
24 9

2900 + 47
2969+ 44
3124 + 45
3258~47
3401 ~ 48
3630 + 48
3851 + 53
4023+ 57

—148 +11
—186+13
-223 + 16
-264 ~ 19
-319~ 23
-441 ~ 32
—536+ 38
-619~ 43

+ 55~17
83 ~25
46+ 14
47+ 14
47+ 14

115~ 34
106~ 32
138+ 41

+57 +40
45+ 31
54 +38
52+ 37
51~36
41~29
39 +27
35*24

-91 + 46
-73 +37
-73 +37
-50+ 25
—41 *21
-31 +17
—23 ~12
—15~ 8

2773 + 80 343 + 7 522 +20
2838 + 71 355 + 8 532 + 18
2928 + 73 361 + 8 552 + 18
3044+69 363 +11 579+ l8
3139+ 69 378 + 9 596 + 18
3318+75 405 + ll 626+ 19
3438+78 410+10 654+20
3562 + 86 429+ 12 676 + 22

~ The variation from energy to energy for this correction is due in part to variations in threshold settings for detector
6 for some of the experimental runs.

" The variation from energy to energy for this correction is due in part to different detector 5 geometries for some of
the experimental runs.
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TABLE VI. Proton total reaction cross sections for aluminum.

Energy
(MeV)

0 (uncorrected)
(mb)

Elastic
cor rection

(mb)

Charged particle
reaction products
correction {a) '

(mb)

Charged particle
reaction products
correction {b) b

(mb)

Correction for
reactions in the

stopping detector
(mb)

~z
(mb)

46.3
43.2
39.8

36.9
33.7
30.4
27.4
24. 8

639 ~10
658+ 9
679 + 10
705+ 10
732 ~11
785+ 11
829 + 12
850 + 12

-37+ 3

—61+ 4
—72+ 5
—87+ 6

—107~ 8
—130+ 9
—156+ 11

+13+4
13+4
19+6
13 +4
13+4
22 + 7

21 +6
27+8

+20+ 10
21+11
19+ 1Q

22+ 11
23+11
19+10
19~10
18+ 9

—35+ 7
-29~ 6
—23+ 4
-17+ 3
—13+3
—10+2

8y2
-6+1

600 ~17
615 +. 16
633 +16
651 +16
668 +17
709 ~18
731 +19
733 +20

~ The variation from energy tn ener~ for this correction is due in part to variations in threshold settings for detector
6 for some of the experimental runs.

" The variation from energy to energy for this correction is due in pa, rt to different detector 5 geometries for some of
the experimental runs.

(I, -I) and (i —i). This yielded the uncertainty
in the uncorrected reaction cross section. This
uncertainty was then folded quadratically with
the uncertainties in the various corrections,
giving the total uncertainty in the final value of
~z

The value of v~ for the chemical compound

C,F, and its uncertainty were calculated as for
the other nuclei. The uncertainty in the value of
0„ for fluorine was obtained by quadratically
combining the errors for C,F, and twice carbon
and then dividing by 4.

The results of the measurements and the as-
sociated uncertainties (of the order 2-3~/p) are
listed in Tables III through VII; the results, along
with measurements from other laboratories,
are plotted in Figs. 1 and 3.

V. DISCUSSION

A. Introduction

Recent optical studies have attempted to keep
the geometrical parameters fixed and have con-
centrated on the energy dependence of the poten-
tials. Earlier studies attempted to find best fits
by varying all or most of the parameters. In
addition, some studies have used a derivative
form of the surface absorption, while others used
a Gaussian form. Thus, it is rather difficult to
compare the various studies. In this section we
compare the measured reaction cross sections
for 'Be, C, "F, "Al, and Si with the theoretical
results without a detailed description of the param-
eter sets used. Values of a~ at energies other than
those measured in the experiment were obtained by

TABLE VII. Proton total reaction cross sections for silicon.

Energy o (uncorrected)
(MeV) (mb)

Elastic
correction

(mb)

Charged particle
reaction products
correction {a)'

(mb)

Charged particle
reaction products
correction {b) b

(mb)

Correction for
reactions in the

stopping detector
(mb) (mb)

47 ~ 8

46.2

43.2
39.6
36.8
34.0
30.5
27.5
24.7

627+ 8

624 ~ 11
653~ 9
676~ 9
714 + 10
733 ~10
778 +11
819+11
862 ~12

-30~ 2

-34+ 2

-40+ 3
54 w

-67~ 5
-83+ 6

—107+ 8
-129 + 9
-150 + 11

+24+5
24+5
25~5
27+5
30+ 6
33+ 7

37+8
41+ 8
44+ 9

+22 ~17
20 +15
21 ~16
19+15
19+15
20 *15
19+15
19+15
19+15

—17 +3
-19+4
—16 +3
—15+3
—11 +2
—9+2
-7 +1
—5+1
-4 +1

626 ~19
615 + 20
643 ~19
653+ 19
685 ~20
694+ 20
720 ~ 22
745 =' 22
771 +24

' The variation from energy to energy for this correction is due in part to variations in threshold settings for detector
6 for some of the experimental runs.

~ The variation from energy to energy for this correction is due in part to different detector 5 geometries for some of
the experimental runs.
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A fairly large number of optical model analyses
exist for "C for incident energies betw'een 30 and
46 MeV. Table IX provides a comparison with
the measured values, and the agreement is fair
over the entire region. The studies of Fannon
et a/, "Barrett et al. ,

"and Glassgold and Kellogg'o
provide more than one prediction of OR by using
various combinations of surface and volume ab-
sorption. A complete study of the carbon data
using coupled channel calculations should provide
a clearer picture of the scattering from this
nucleus.

FIG. 3. Results of the present experiment: Proton
total reaction cross section cross sections plotted as a
function of proton energy.

interpolation; these interpolated values are en-
closed in parentheses.

B. Beryllium

Three optical model studies exist of 'Be, the
lightest nucleus investigated in the present experi-
ment. Melkanoff et al."analyzed elastic differen-

D. Fluorine

Only one study of fluorine was previously made.
A limited amount of elastic scattering differential
cross section data at 31.5 MeV was analyzed, 4'

and the resulting predicted value of a~ was 540 mb.
This is in poor agreement with our values of 626
+19 mb measured at 30.4 MeV and 596 +18 mb

TABLE IX. Comparison of theoretical and experi-
mental values of crz for carbon.

TABLE VIII. Comparison of theoretical and experi-
mental values of o& for beryllium.

Energy oz (theory) Oz (present experiment) '
(MeV) (mb) R eference (mb}

46
46
31.5
31,3
31.3
29.1
29.1
25
25
21
21

5pl
449
318
495
464
483
495
516
495
526
535

48
48
47
30
30
30
30
30
30
30
30

367*12
367 + 12

(446)
(447)
(447)
{462)
(462)
489 ~16
489 + 16

(53 7)
(537)

Energy Oz (theory) v& (present experiment) ~

(MeV) (mb) Reference (mb)

46
40
40
4p
4p
4Q

40
4Q

31.5
31.1
30.3
30.3
30.3
30
3Q

350
372
316
324
251
381
314
382
390
401
364
386
440
425
424

48
37

9
38
38
50
50
51
47
36
49
49
49
38
51

344* 8

(360}
(360)
(360}
(360)
(360}
{360)
(360)
(395}
399 +11

{407)
(407)
(407)
413 + 11
413 +11

~ The results in parentheses have been obtained by
inte rpolation.

' The results in parentheses have been obtained by
inte rpolation.
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TABLE X. Comparison of theoretical and experi-
mental values of OR for aluminum.

TABLE XI. Comparison of theoretical and experi-
mental values of Oz for silicon.

Energy Oz (theory) 0„(present experiment) '
(MeV) (mb) R eference (mb)

Energy Oz (theory) oz (present experiment) '
(MeV) (mb) R eference (mb)

46
40
40
4p
40
40
34.1
31.5
30
28
24.5

584
638
648
680
705
707
766
685
721
719
724

46
52
52
50
50
46
46
47
46
46
46

600 ~17
633 + 16
633+ 16
633+ 16
633 ~16
633 +16

(666)
(695)
709*18

(727)
733 + 20

46
40
40
34,1
31.5
30.3
30.3
30
30
28
24.5

618
630
687
686
703
700
704
717
710
783
757

46
9

46
46
47
44
44

9
46
46
46

615+ 20
653+ 19
653 + 19
694+ 20

(713)
720 + 22
720+ 22
720+ 22
720 ~ 22
745+ 22
771 +24

' The results in parentheses have been obtained by

interpolation.

' The results in parentheses have been obtained by
inte rpolation.

measured at 34.3 MeV. Further measurements
should be made of the elastic differential cross
sections and polarization distributions at several
energies.

E. Aluminum

Theoretical and experimental values of o„ for
"Al are compared in Table X. Agreement in

general is good for this nucleus, and in some
cases it is excellent. A number of analyses exist
at 40 MeV," ' '" and the different predicted values
reflect the various forms of the potentials which
were used.

The elastic differential cross sections measured
for use in the elastic corrections mere analyzed
along with other data at 17.0 and 61.2 MeV. Both
surface and volume absorption terms were required
in the imaginary part of the optical potential. A

set of average geometrical parameters was first
determined, and the geometrical parameters were
held fixed in the subsequent analysis in order to
investigate the energy dependent behavior of the
dynamical parameters. The strength of the real
central potential was found to decrease with in-
creasing energy of the incident proton, with the
energy dependence being represented by dV/dT
= —0.30. The predicted cr~ results are included
in the table. Details of this optical model analysis
are given in Ref. 46.

F. Silicon

Table XI provides a comparison of the theoreti-
cal and experimental values of v~ for silicon.
Agreement is reasonably good for all of the data.

The elastic differential cross sections measured
for use in the elastic corrections were analyzed

along with other data at 28.0 and 30.3 MeV." The
predicted cr„results are included in the table.

VI. CONCLUSION

The reaction cross sections (Figs. 1 and 3) for
the nuclei under study appear to be smoothly de-
creasing functions of energy in this energy region.
No pronounced dips or enhancements are observed.
At a fixed energy the reaction cross section is
expected to vary as A' '. Figure 4 displays our
measured reaction cross sections divided by A' ';
the errors associated with carbon, fluorine,
aluminum, and silicon are not shown, but they have

the same magnitude as those shown for the beryl-
ium data. Except for beryllium, and perhaps fluo-
rine, the measured cross sections indeed vary as

The 'Be nucleus is essentially a pair of o
particles and an extra neutron which is available
for reactions. This probably accounts for the fact
that the reaction cross section for 'Be is higher
than that of "C.

Figure 5 contains plots of (os/s)' ' vs&' ' at
four representative energies. Each plot has been
fitted with the expression

v„= w (~,A'~'+&)'

where 4 is the de Broglie wavelength of the incident
proton. The average slope of all of the lines is
given by x, =1.21 +0.03 fm. In a similar study of
the proton total reaction cross sections for medium-
weight and heavy nuclei in the energy range 30 to
60 MeV, Menet et a/. "found that the data could be
fitted using the same expression but with x,
=1.23 +0.01 fm.

The optical model predictions of v„are in good
agreement with the values measured for silicon
and aluminum, the two heaviest nuclei studied in

the experiment. Agreement is fair for carbon
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FIG. 4. Proton total reaction cross sections, mea-
sured in the present experiment, divided by A, plot-
ted as a function of proton energy.

FIG. 5. (o&/&) versus', using results of the
present experiment.

and for beryllium, the lightest nuclei studied.
This decrease in the effectiveness of the model
with decreasing A is not surprising, for the
concept of an average potential produced by the
nucleons in the nucleus becomes less realistic
in the low A region.

There is some evidence" that in the case of
p + "C resonances of the compound system "N
influence the total reaction cross sections up
to 30 MeV incident proton energy. It remains
to be shown that such anomalous behavior in the

energy dependence of the reaction cross sections
occurs also for other light nuclei. Because of
the rather large energy steps chosen in the
present experiment, no information could be
obtained on this question.
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