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Total reaction cross sections for protons on 4 Ca have been measured at 15 energies be-
tween 10.3 and 21.6 MeV by the beam-attenuation method. The total reaction cross section
for 40Ca rises sharply at low energies, reaches a maximum value around 13 MeV, and reaches
a minimum value around 16 MeV. The rise at the lower energies is a result of the Coulomb

barrier. The dip at 16 MeV is probably associated with the (P, I) threshold for OCa. A com-
parison is made between the present experimental values and preliminary optical-model pre-
dictions based on available elastic-scattering data and polarization data. The variation in the

reaction cross section is also compared with the integrated partial cross sections for elastic
scattering. Total reaction cross sections for protons on carbon have been measured at ten
energies between 9;88 and 19.48 MeV. Resonances in the total reaction cross section are ob-
served in the neighborhood of 10.4 and 13.8 MeV. Variations of 200 mb are seen in the cross
sections with changes in energy of the incident protons of about 200 keV. A comparison is
made of the present total reaction cross sections and the integrated partial cross sections for
elastic scattering and inelastic scattering to the first excited state of C.

I. INTRODUCTION

There exists a limited amount of data" regard-
ing the variation of the total reaction cross section
as a function of energy. Such data are necessary
for determining optical-model parameters over a
particular range of energies. Measurements for

Ca and "C of this kind are presented in this
paper. The differential elastic cross sections for
"Ca in the same energy region also have been

measured. ' Polarization data for 'OCa in the same
region have been obtained by Haugh et al. , 4 Rosen
et al. , ' and Herc' and Boschitz. '

Considerable information re garding differential
cross sections for carbon is available' "in the re-
gion from 9 to 20 MeV. However, only a limited
amount of data is available for proton total reac-
tion cross sections, OR, in the same region.
Makino, Qfaddell, and. Eisberg" have examined the
total reaction cross section of 'C as a function of
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energy above 16.5 MeV. These measurements in-
dicate that OR varies relatively smoothly in this
energy region. However, from 10 to 17 MeV,
there are values only at 9.&5 xv 9 94 xs 10 16 s

and 16.5 MeV
These data are insufficient to determine the na-

ture of the variation of o R as a function of energy.
Differential cross-section measurements" for pro-
tons on "C show that the integrated partial cross
sections for the first excited state of "C vary sig-
nificantly as a function of energy between 9 and 16
MeV. Since the cross section for the first excited
state of "C is large (150 to 400 mb) in this region,
it is suggested that there could be considerable
variation in oR.

There is considerable interest in the total reac-
tion cross section of '2C in connection with the re-
sponse of plastic scintillators to protons in this
energy range.

II. PROCEDURE

The beam-attenuation technique used in this
work is similar to the method used previously. "
It will be reviewed here briefly to point out the
changes made for these measurements.

A. Experimental Method

The system used in the present experiment is il-
lustrated in Fig. 1. A beam passes through two

passing counters, 2 and 3, whose outputs activate
a coincidence circuit. The output of the coinci-
dence circuit is I„ the total number of protons in-
volved in the measurement of the reaction cross
section. A significant number of protons are de-
flected from the collimated beam by elastic scat-
tering, inelastic scattering, or multiple Coulomb
scattering. These are removed from considera-
tion by the use of anticoincident collimating coun-
ters, 1, 4A, and 4B, which also feed the I, coinci-
dence circuit. The emergent beam of intensity I,
is then incident on the target.

The unscattered beam passes through counter 5

and into a beam stopper. Scattered charged parti-
cles were detected in counter 6, a lithium-drifted
silicon detector. The energy resolution obtained
in counter 6 was +200 keV. The major contribu-
tion to the width was due to the kinematical broad-
ening associated, with the large solid angle of ac-
ceptance. Counter 5 subtended a scattering angle
of +122'. The corresponding solid angle is small,
and the correction for inelastic events into coun-
ter 5 was smaller than the error due to a number
of sources outlined below and was neglected. The
expression for the total reaction cross section
which is appropriate is

Io —I io —i ' do
oR ocF . dQp

BIO nxio ec dn el

where o R is the total reaction cross section, 0 z &

is the compound elastic cross section, I, and I are
the beam incident on the target and the attenuated
beam, respectively, with the target in, i, and i
are the corresponding quantities with the target
out, n is the atomic density of the target, x is the
thickness of the target, 8 z is the angle subtended
by counter 6, and (do/dQ)„ is the differential elas-
tic cross section. The quantities I„ I, -I, i„
io —i, and nx are measured directly. The third
term on the right is calculated from the available
differential elastic -scattering data.

There is a small, but finite, "dead" layer on the
front surface of a plastic scintillator used as a
stopping counter. This is a region where an inci-
dent particle may go undetected because the energy
lost in the plastic scintillator is insufficient to be
detected when converted to light. There are two

possible causes for this. Before the incident parti-
cle has lost sufficient energy by energy-loss mech-
anisms to be detectable, a nuclear interaction oc-
curs which produces only uncharged decay prod-
ucts (neutrons) or charged decay products of insuf-
ficient energy to be detected. Alternatively, the in-
cident particle may be scattered nearly 180 and
out of the scintillator without losing sufficient en-
ergy in the scintillator.

It is necessary that the change in the cross sec-
tions for processes that contribute to the "dead"
layer in counter 5 with the target in and out be neg-
ligible. To determine the magnitude of the change
to be expected, the total reaction cross section for
carbon, the principal nuclear constituent in plastic
scintillator, was measured in approximately 300-
keV steps over the region of interest.

B. Targets

Carbon-12. Two separate targets were used for
the measurements of the total reaction cross sec-
tion on carbon. Each target was self-supporting
natural carbon of 99% purity. One target, having
an areal density of 0.015 g/cm' (460 keV for 19.46-
MeV protons), was used for measurements at
17.41 and 19.46 MeV. The other target, having an
areal density of 0.00449 g/cm' (185-keV energy
loss for 10-MeV protons), was used for all other
measurements. The areal density was determined
in the following manner. After the measurements
were completed, the area of the target bombard-
ed by protons, 0.100 in. in diameter, was punched
out and weighed. The diameter of the punched
portion of the target was measured with the use of
a calibrated microscope. The targets were ex-
amined for roughness and irregularities, and
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FIG. l. A schematic diagram of the O.
R apparatus. The arrow at the left shows the shift in the position of the beam

associated with a 250-keV shift in energy at 15.4 MeV. At the upper left, the configuration of a hemispherical reflector,
collimator, and plastic scintillator are shown. Counter 4 consists of three sections, counter 4A, 4B, and 4C. Counter
4A is a tubular collimating counter 2 $ in. long. The indicated energy losses are for 15.4-MeV protons.

small corxections were made if necessary. The
total uncertainty in the areal densities of the tar-
gets is +4%.

With each target, a thin (0.002 47-g/cm') nickel
foil mas placed in front of the carbon. %hen a
target-out run mas made, a target holder with

only a nickel foil mounted in it mas placed in the
normal position. The thin nickel foil mas used in
order to obtain an elastic profile for both ta,rget-
out and target-in measurements (see Sec. 11 D-S).
Calcium-40. Four targets of 4'Ca mere used for
these total reaction measurements. It was de-
sired to keep the targets as thin as possible so
that structure in the reaction cross section as a
function of energy could be observed. It was nec-
essary to keep the targets sufficiently thick, how-
ever, so that the data could be obtained in a rea-
sonable time. The thickness mas chosen so that
the average energy loss in the target was between
235 and 325 keV.

The targets mere made from foils obtained from
the Nuclear Division, Oak Ridge National I abora-

tory, Oak Ridge, Tenn. They contained 99.97%
~'Ga. The oxygen present in the foils mas esti-
mated to be less than 1% of the weight of the foils.
Previous elastic-scattering measurements~ car-
ried out with targets made from the same foils
confirm that the oxygen present in the foils mas
less than 1%. No other elemental impurity ex-
ceeded 0.08% of the weight of the foils, and the
total percentage of elemental impurities was less
than 0.13% of the weight of the foils. All opera-
tions mith the target, including meighing and
mounting, were performed in an argon atmosphere.
Then the targets mere placed in vacuum transfer
chambers with which they could be placed in pos-
ition in the vR apparatus and removed without ex-
posure to air.

%hen the measurements of the cross sections
had been completed the diameters of the targets
were measured with a calibrated microscope.
Each target mas examined for irregularities and
appropriate corrections were made. The areal
densities of the four targets mere 10.0, 10.3, 12.2,
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FIG. 3. A schematic diagram of the fast-slow circuit.

and 14.1 mg/cm'. .The uncertainty of the average
areal density is +2%%uo. A more complete descrip-
tion of the method used for preparing and hand-
ling the targets is given in Ref. 3.

C. Electronics

The signals from the anodes of the photomulti-
pliers mere used to trigger elements of the fast
circuit (see Fig. 2) in which the major part of the
sorting of pulses was performed. After the ini-
tial selection of events, the (I, —I) events defined
as (1 2 2 4 5) coincidences still contained a signif-
icant number of events in mhich one of the antico-
incidence circuits had "failed. " (The counters in
coincidence are numbered as in Fig. 1; a bar
means anticoincidence. ) Some cases should occur
in which a proton grazed one of the "no" counters,
and the resulting anode pulse fell below the trig-
ger level of the discriminator. Other cases could
occur also in mhich the overshoot from a preced-
ing pulse caused the anticoincidence requirement
to fail. These erroneous events are removed by
use of a fast-slow system (see Fig. 2) designed to
examine the dynode outputs of all the anticoinci-
dence counters for each of the (I,—I) events. The
I,-I events are stored in a two-dimensional ar-
ray. In one dimension, pulses from counter 6
mere stored. Events having no pulse in counter
6 contribute to a peak at the low-energy end of
the spectrum called the "miss peak. "

The other dimension, called the OR direction,
records pulses from counters 1, 4, and 5 mhich
were not large enough to trigger the discriminat-
or and to anti-out the (Io I) event. Tho-se (Io —I)
pulses which are associated with 1-4-5 pulses
shou„ld not be included in the final value of Ip

—I.
The method for processing these data, in order
to eliminate such events, will be discussed in
Sec. II D.

Further, there are tmo classes of random pulses
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YES

eras
ACC ID.

COIN.

cra s
ACC ID.

SCALER

S ANODE
ISO nsec

DELAY

FIG. 4. A schematic diagram of the circuit used to mea-
sure random pulses in counter 5.

mhich had to be considered. The first of these
mas a noise pulse generated in passing counter 3
while, at the same time, a proton was scattered
out by the beam by passing counter 2. A signifi-
cant number of these random coincidences oc-
curred. Such events depend strongly upon the noise
noise from passing counter 3, and, although such
events would cancel between target-in and target-
out runs if the beam and noise levels mere con-
stant, in actual practice boih beam and noise lev-
els varied. Therefore, it was desirable that the
number of these events be monitored during each
run. This class of random coincidences mas mea-
sured simultaneously with the real spectrum (see
Fig. 2), and the results were displayed in a one-
dimensional array (see Fig. 2).

It was also necessary to consider a noise pulse
occurring in counter 5 which was large enough to
trigger the discriminator. If the noise pulse oc-
curred within the coincidence resolving time, a
real (I, —I) event was lost. These random coin-
cidences mere monitored with the circuitry shown
in Fig. 4. An output from the Ip coincidence cir-
cuit was fed into a "yes" input of a coincidence
circuit. A pulse from the discriminator for the
anode pulse from counter 5 mas delayed 180 nsec
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and then fed into another "yes" input of the same
coincidence unit. Only accidental coincidences
between I, and counter 5 would produce an output
pulse. In order to obtain the correct number of
accidentals, the scaled output must be multiplied

by (I,—I)/I, . In practice, the noise level of count-
er 5 was always adjusted so that the number of '

these random events was negligible. Furthermore,
the rate of random pulses in counter 5 was very
nearly constant for both target in and target out,
so that, to a good approximation, these events
cancelled out.

D. Reduction of Data

The data from the ACCID analyzer (see Fig. 3)
were read out on paper tapes and analyzed by
hand. The data from the on-line computer, which

recorded (I,-I) information, were dumped onto
magnetic tapes and were analyzed later with the
help of an IBM 7094 computer.

The procedures followed in order to separate
these data into the necessary components parts
are outlined below.

l. Separation of OR Events teith Target In

The data for a target-in run were first summed
in the OR direction. Figure 5 shows a spectrum
for "C with results plotted in the counter-6 direc-
tion. The miss peak appears in channel 5, the
elastic peak in channel 76, and the first excited
state of 2C i.n channel 41. The spectrum contains
some events in which one of the collimators was
struck, but which were not eliminated by the Io —I
circuitry. It has been shown previously" that the
elastic peak in the OR direction is free of events
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normalized elastic profile.

FIG. 6. The elastic profile and the elastic spectrum in
the OR dixection summed between channels 76 and 78 of
counter 6 for C. The closed circles are the elastic
spectrum. The open circles are the elastic profile. The
solid line is a visual aid only.
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where the collimators or stopping counter have
been struck, if the low-energy side of the elastic
peak is excluded. Consequently, an upper and a
lower channel in the counter-6 direction are
chosen to bracket the elastic peak (e.g., channels
76 and 78 in Fig. 5). The computer sums in the
counter-6 direction between the given channels,
and displays the resulting spectrum in the GR di-
rection (see Fig. 6). A profile is chosen and fed
back into the computer. Figure 6 shows the pro-
file chosen Rs well Rs the dRtR points.

This profile in the OR direction can now be used
to reject fxom the miss peak those events where a
pulse wRs present in countex' j. 4 ox' 5 but whicll
failed to anti out. The eIRstlc profiIe is normal-
ized to the sum of counts between two specified
channels on the low-energy end of the spectrum,
usuaQy between channel 2 and the peak channel.
The result is shown in Fig. 7. Events on the high
side of the peRk, which Rre RssociRted witl1 un-
wanted GR events, are subtracted. Having re-
moved the events containing an interaction with
one of the GR counters, the computer presents a
new counter-6 spectrum as shown in Fig. 8.
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FIG. 8. Counter-6 spectrum, OR events x'emoved from
«2 C. The spectrum of counter 6 is summed ovex' the OR
channels with events eliminated where there was a pulse
in counters 1, 4, or 5. Typical exrors are shown for
some points.
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2. SeParation of Efastic Events for Runs
M)ith Target In

IO 4

TARGET OUT

E = 9.97 MeV
P

The resolution of counter 6 was app roxim ately
00 keV full width at half maximum for elastical-

ly sca ere1 tt d protons. The first excited s a
efore thehas a Q value of -4.433 MeV. Therefore, e

separation between the elas ptic eak and the first
t t ' over 4 MeV and eliminating theexcited state is over

of theelastic pe wak as a simple matter. In sorre o e
the low-energy tail of the elastic peak in-runs, e ow-

How-tercepted e ped the eak of the first excited state.
ever, the tail on the elastic peak is very c ose o
an exponentia ai . i,1 t '1 This along with the fact that
the region of overlap usually inv olved less than
ten counts per channel, allowed the separation to
be made quite simply. Note in 'g.e in Fi . 8 that there is
some structure o et the low-energy tail of the elas-

ak. This is caused by the low-lying excite
D 11states of the nickel foil placed in peak.

et al."used the profiles from the target-in runs
mediatel before and after the target-out run.

In the present measuremen. s, in
' kel foils were placed in the target hold-

for both target-in and target-out runs. isers or o
ave an elastic spectrum in the OR directigave an e as ic

' . 9~. Since a nickelfor target-out runs (see Fag.
foil was presen or ot f b th target-in and target-out
runs, no correc iont had to be made for its pres-
ence. Therefore, the analyses of the target-ou
runs were iden ica 0t' 1 t those previously described
in this section for target-in runs.
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A t ical spectrum, with the target removed,

was made with the nickel foil in the beam. ypica
rors are shown for some points.

3. Elastic Correction 600—

-12. The elastic-scattering term inCarbon-
ta of Na ahara, "E (1) was calculated using the data o agq. w

) q
1 andDaehnic an

' k and Sherr, "and Dickens, Haner,
'n these dataWaddell '2 The absolute errors in these a a

ranged be weenh t en 3 and 7%%uo with additional uncer-
on the relative values. The elastic cor-

mb at 10.72 MeV. An additional uncertainty of
mb in OR OCE» the vicinity of E =10.6 MeV
must be adde o ed t th absolute errors mentioned

10 ~E =10.6 MeV, Nagahara findsjust above. Near ~
= . ,

' s
eak in the elastic cross section csee ig.

10). The exact position of this peak is uncer
because of the absolute uncertainty in the energy
scale (see Refs. 1 an0 d 13 and the discussion which
follows in this section). Therefore the elastic cor-
rection to a R

—o&E cou
10.6 MeV and thus contribute an additional error
of 100 mb.

The elastic correction was calculated taking
into account the finite size of the beam and the
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FIG. 10. The elastic correction forr the total reaction
s ener for C. The solid circles

were obtained from the data of Ref. 10, an e eros
ta of Ref. 13; the solid squares are fromare from the data o e .

the data of Re .f 12 Typical errors are shown or som
points.
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TABLE I. Total reaction cross sections and quantities used in calculations for protons on carbon-12. All terms are
defined in the text.

Ep
(Meg

SX
(1O" cm ')

IQ
(1o') IQ -I ZQ

(1o') ZQ

+R +CE
(mb)

9.88
. 10.20
10.40
10.72
13.51
13.77
14.54
14.79
17.41
19.46

2.25
2.25
2.25
2.25
2,25
2.25
2.25
2', 25
9.79
9.79

25.266
25.097
25.187
20.110
25.846
25.068
26.569
25.140
25.166
23.190

27 632
37 843
38 374
28 376
21 411
21 097
21 593
19 921
24 857
22 13O

25,459
25.363
25.449
20.056
25.833
25.400
26.423
27.609
24.345
27.696

24 695
35 300
34 155
24 802
18 848
17 928
17 971
18 775
10 829
11 075

354
334
371
456
231
222
264
264
212
165

195 +47
181~53
434 +58
318 ~61
207 +39
380+43
324+42
235+40
343 +24
401 +24

angular distribution of multiple Coulomb scatter-
ing in the passing counters and in the target. The
computer program used to make these calculations
was developed by Roush. " The weighting function
was obtained by following a distribution of trajec-
tories through the counters and target, weighting
each trajectory according to the distribution for
multiple Coulomb scattering. The resulting elastic
corrections are shown as a function of energy in
Fig. 10. Since counter 6 subtends a half angle of
41', these values are the weighted, integrated
elastic cross sections from approximately 41' at
180' in the laboratory. The appropriate elastic cor-
rections for each energy are listed in Table I.

The energies used for the data of Nagahara" in
the present analyses are 300 keV higher than those
listed by Nagahara. For example, the data said to
be measured at 10.44 MeV by Nagahara are pre-
sented at 10.74 MeV. Daehnick and Sherr" ob-
served that their data and Nagahara's data agreed
better if there was a slight adjustment in the ener-
gy scale. If one compares both at 104.7' in the
c.m. in the region around 14.5 MeV, one sees that
a shift in energy of about 250 keV appears to give
better agreement between the two excitation func-
tions. It must be pointed out that the uncertainties
in the absolute energy scale quoted in Refs. 10 and
13 do not exceed 150 keV when combined together.
A shift in the absolute energy scale of the order of
200 keV can make a significant difference in the
elastic correction for the total reaction cross sec-
tions. Therefore, higher-precision elastic-scat-
tering measurements of carbon-12 would be most
beneficial.

The energy scale for the elastic correction was
determined in the following way. Nagahara's data
show a sharp peak in the integrated elastic cross
section around 10.4 MeV. The relative elastic
cross sections measured by counter 6 for this pres-
ent experiment were calculated as a function of

energy. These represent the integrated elastic
cross sections from approximately 13.5 to 44' in
the c.m. system. The peak observed by Nagahara"
at 10.4 MeV was observed in the present experi-
ment at 10.7 MeV. Therefore, because of the im-
proved agreement with the present data and with

I I I I I I I I I. I I I I

ip2 I I I I I I I I I I I I I

IO I5 20
Ep (MeV)

FIG. 11. Integrated differential elastic cross sections
for 4QCa. The open circles represent the elastic correc-
tion for the total reaction cross sections of C. The
closed circles are the integrated differential elastic
cross sections of Ca integrated from 12 to 180' in the
lab system.
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TABLE II. Total reaction cross sections for Ca and quantities used in calculations. All terms are defined in the
text.

(MeV) (1O" cm ')
Io

(lo')
20

(lo') $0

Oa -0'cz
(mb)

10.34
11.38
12.42
12.42
13.45
13.46
13.97
14.48
14.48
14.97
15.51
16.49
17.51
18.54
19.55
20.57
21.59

1.516
1.516
1.516
1.516
1.556
1.516
1.556
1.556
1.516
1.843
1.556
2.125
2.125
2.125
2.125
2.125
2.125

50.072
50.837
24.925
25.108
53.999
50.634
50.275
57.375
51.752
50.709
50.675
50.821
52.456
50.023
50.137
50.744
51.515

85 507
53 695
22 169
25 828
42 148
53 003
40 689
44 556
47 816
23 410
33 546
39 601
39538
35 450
33 119
32 372
30 507

78.065
50.350
25.079
25.085
45.656
54.210
50.058
50.050
54.308
25.196
50.197
50.854
66.131
42.614
51.526
48.283
57.461

120 289
43 647
18 016
21415
26 908
46 465
31 433
30 045
40 272

6 491
25 041
28 342
34 426
20 568

-22 594
19 665
20 585

595
508
412
412
298
298
283
287
283
285
283
279
247
243
239
235
230

505+59
736 ~54
717 +63
742 +67
931~46
953 +50
883 +44
846 +42
920 +47
822 +35
766+39
765 +35
850 +34
821 +35
806 +33
851+34
871+32

the data of Daehniek and Sherr, "the data of Nagah-

ara have been shifted 300 keV.
Calcium-40. The elastic corrections are plotted

as a function of energy in Fig. 11, and the correc-
tion for each measurement is listed in Table II.
The elastic corrections have an absolute uncer-
tainty of +4%%uo.

III. TOTAL REACTION CROSS SECTIONS

Table I lists the total reaction cross sections
for carbon-12, the proton energy E~ at the center
of the target in the lab system, and the quantities
that entered into the calculations of oR in Eci. {&).
The uncertainty in the energy E~ is +50 keV. The
total reaction cross section versus energy is plot-
ted in Fig. 12.

The total reaction cross sections for protons on

Ca between 10 and 22 MeV are shown in Fig. 13
and are listed in Table II. A value obtained by
Turner e-t al. '2 at 28.5 MeV has been included ih

Fig. 13. Preliminary optical-model predictions
by Percy'3 have been shown for comparison.

V. DISCUSSION

Carbon-18. %e summarize the features of the
total reaction cross sections for protons on car-
bon at ten energies between 9.8 and 19.5 MeV. Ar.

examination of the total reaction cross sections
for carbon (see Fig. 12) shows that there is a
sharp peak in the cross section at 10.4 MeV and
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FIG. 12. The total reaction cross section versus ener-

gy for C. The open circles are the results of the pres-
ent experiment. The open triangle is from Meyer and

Hintz (Hef. 17). The closed circles mere obtained by %il-
kins and Igo (Hef. 18); the closed squares, by Poj,look
and Schrank (Bef. 19); and the crosses, by Makino, %'ad-

dell, and Eisberg (Bef. 16). The bottom illustration con-
sists of the integrated cross sections for the first excit-
ed state of 2C (Q = -4.433 MeV) obtained by Nagahara
(Bef. 10) using the differential cross sections from Ref.
10 (closed circles) and Bef. 7 (open triangles). The data
of Bef. 10 have been shifted 300 keV (see Sec. II D-4).
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FIG. 13. Total reaction
cross sections for protons
on 40C. The closed circles
represent the data of the
present experiment. The
open circles are prelimi-
nary predictions by Percy
&beefs. 23 and 28). The
crosses are data obtained
by Turner et aE. (Hef. 22).

E

b
I

600—

O---&&-O "

400—

I t t I . I I i I t I t t t~t
I0 I 2 I 4 I 6 I 8 20 22 2 8 30

Ep (MeY)

a broader peak centered at 14.0 MeV. Similar
structures are seen in the integrated cross sec-
tions" for the first excited state of "C (see Fig.
l2); The integrated elastic cross sections" for
'2C show minima in the same regions. A sharp
level at 11.6 MeV in "N is well documented in the
literature. '4 This level is reached at E~ =10.4
MeV (lab) in the reaction of protons on carbon-12.
A broad level (-500 keV) has been established
earli. er on the basis of the data of Nagahara" and
Daehnick and Sherr'3 at 14.6 MeV. '4 The combined
evidence obtained from the total xeaction eross-
section measurements for proton on carbon-12 in
this paper, and in Refs. 10 and 13, suggest that
this level may be approximately 200 keV higher.
This broad level is reached in the reaction protons
on carbon-12 at 14.0 MeV. According to the ener-
gy calibration obtained in the present work, the
level is located at 14.85 MeV. Until more precise
elastic-scattering data become available, the un-
certainty in position mill xemain large. As mould
be expected in mirror nuclei, there are peaks in
the n+ carbon-12 reaction spectrum" which are
the analogs of these peaks. '4 Figure 14 presents
a comparison of the results of the measurements
for elastic scattering into counter 6, obtained in
the present total reaction cross-section measure-
ments, and the elastic data of Refs. 10, 12, and
13.

In Sec. II A, it mas stated that there exists a thin,

but finite, "dead" layer in the stopping counter,
counter 5. It was assumed that the effects of the
layer mere negligible in the present measurement.
%ith the present results, a qualitative estimate of
the change in the response of counter 5 as a func-
tion of energy can now be made.

Tmo causes of a change in the response of count-
er 5 were considered. The production of uncharged
decay products is not of concern fox the present
experiment, since the threshold for neutron pro-
duction on carbon is about 20 MeV in the lab sys-
tem (carbon is the principal nuclear constituent in
plastic scintillator). However, it is possible that
the energy deposited in the counter may be insuf-
ficient to be detected. This may result eithex
from charged decay products of insufficient energy
to be detected, or because the incident particle
may be scattered nearly 180' and out of the detec-
tor without depositing sufficient enexgy in the
seintillator.

In Fig. 12, the data of the present experiment
and the integrated cross sections for scattering to
the first excited state of "C are presented. There
a,re large changes in the total reaction cross sec-
tion as a function of energy; however, most of the
total reaction cross section at lower energies is a
result of scattering to the first excited state of '~C

(Q =-4.433 MeV). The production of charged par-
ticles of very low energies is relatively small.
This is in agreement mith the previous results of
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Measday. " Measday has shown that nuclear in-
teraction in plastic scintillators consist primarily
of excitations of low-lying states in this energy
region. The dead layer in counter 5, then, must
be primarily a result of back scattering from the
front of counter 5 for the elastic and first excited
states of "C.

A good estimate as to the magnitude of the
change resulting from this dead layer can be made
as follows. A conservative estimate of the loss of
.energy associated with the production of one photo-
electron is 10 keV." Counter 5 was set to trigger
on noise, therefore the dead layer on counter 5
must be about 10 keV. In the region where there
is the greatest change in the total reaction cross
section with energy, namely around 10.4 MeV,

This correction is small compared with the pres-
ent experimental uncertainties and has been ne-
glected.

Calcium-40. Preliminary optical-model analy-
ses'~" of some of the differential elastic cross
sections' and the polarization data' ' for 4 Ca have
been completed. The experimental total reaction
cross sections were not included in these initial
analyses. Perey23'29 analyzed the data in two groups.
The data above 16.57 MeV were analyzed as one

group, and the data from 13.98 to 16.57 MeV were

IO"
I I I I I I I I I I I I I

R0
I- IO
V
LLI

40
CO
CO

Wilkins" has integrated the differential cross sec-
tions for the elastic and first excited states from
65 to 180'. A change in energy of 300 keV corre-
sponds to a change in this integrated cross section
of about 150 mb. Since the targets used in the pres-
ent experiment corresponded to an energy loss of
about 300 keV, the correction to the present mea-
surements is given approximately by

150 mb =5 mb.
10 keV

300 keV

U

Oh

ROO—

200—

I

Q= -4.45 MeY

I
'

I

'
t

f-P "~g y-y t-q)~

IO l2 IR l6 I8

F (vev j
20

FIG. 14. Compari:son of the total reaction cross sec-
tion, the integrated elastic cross section, and the inte-
grated inelastic cross section for the first excited state
of 2C, The lower illustration is the same as that in Fig.
12. In the upper illustration, the open circles indicate
the total reaction cross section from the, present experi-
ment; the open triangles, the elastic scattering into coun-
ter 6 (122 to 41' in the lab system) from the present ex-
periment; the closed triangles, the elastic scattering in-
to counter 6 plus the elastic correction from 41 to 180',
the closed circles, the crosses, and the closed squares
indicate the integrated elastic cross section from 33 to
180' from Refs. 10, 12, and 13, respectively.

lo~ I I I I I I I I I I I I

IO I5 E (Me V) 20
P

FIG. 15. Total reaction cross sections and the integra-
ted elastic cross sections for C. The crosses are the

total reaction cross sections of the present experiment.
The open circles are the elastic correction for the total
reaction cross sections, integrated from 41 to 180' in

the lab system. The closed circles are the integrated
elastic cross sections, integrated from 12 to 180 in the
lab system.
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analyzed as a second group. [The (P, n) threshold
for 40Ca is approximately 16 MeV. ] The fits to
the differential elastic data and the polarization
data are presented elsewhere. A comparison is
made in Fig. 13 of the results of the optical-model
analyses and the present results.

The total reaction cross section for 40Ca rises
sharply at low energies, reaches its maximum val-
ue around 13 MeV, and reaches a minimum around
16 MeV (see Fig. 13). This dip is probably associ-
ated with the (P, n) threshold at 16 MeV. The rise
at the lower energies is a result of the Coulomb
barrier. The predictions of the optical-model anal-
ysis discussed previously agree xeasonably well
with the data at the higher energies, even predict-
ing the dip axoung 1V MeV. There are no predic-
tions available at the lower energies.

There seems to be a correlation between the
maxima and minima observed in the total reaction
cross sections and the integrated elastic cross sec-
tions (see Fig. 15). However, the uncertainties in
the cross sections make any conclusion speculative.
Those energies where a maxima or minima are ob-

served in the total reaction cross sections are the
same as the energies where minima or maxima
seem to occur in the differential cross sections at
the backward angles (140'). The optical-model an-
alyses also gave the poorest fits to the elastic data
in these same regions.

In conclusion, the 4'Ca data do show a certain
amount of structure. However, the changes in the
total reaction cross section with energy for 4'Ca
are sufficiently gradual so that the optical model
can be used with moderate success. Fox better
quantitative agreement, it may be necessary,
nevertheless, to analyze the 40Ca data above and
below the (P, n) threshold separately.
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