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ABSTRACT

We have obtained préton nonelastic cross sections at 10 MeV from Be, C,
Al, Ti, Mo, Zr, Fe, Ni, Zn, Cu, V, Rh, Nb, Ag, Sn, Ta, Th, Au, and Pb.
The most significant feé.ture of the data is the appearance of two strong minima
in the elements lighter than Cu. The data are compafed with optical-model
predictions. Thése calculations predict the right order for the reaction cross
section when a surface absorption potential that fits existing elastic-scattering
data is used. However, on the basis of our data, a volume absorption poten-
tial of the Woods-Saxon shape cannot be excluded. The data are compared

with ‘other measurements of nonelastic cross sections for 10-MeV protons. .
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I. INTRODUCTION

Until recently, reaction cross sections were not available to test optical-

model preédictions for protons. The first meas_urerneﬁts by Goodinglatl
Minnesota were made at 34 MeV. Later work at Minnesota that used the same
e.quipmenl; at 61 MeV has also been reported. 2 These results wefe used to
test the results of the extensive optical-model analysis of elastic-scattering
proton data by Glassgold and his collaborators3in 1958, This analysis has .
shown that a volume-absorption potential of the sarﬁe spatial dimension as the
real potential (the Woods-Saxon 1:5&)'tefn'."tiaz1,)4 ‘was' adequateito fit thelelastic-scat-
tering data, and that furthermoz:gg, there was ambiguity particularly in the depth
of the potential V and the size of the nucleal_‘ radius R. The quantity VRZ needed
only to be fixed within a fairly wide range in V and R, the so called VR2 ambigu-
ity. The Minnesota reactién cross-section results served to put some rather
broad limits on the range which the optical-model parameters could take on;
however, better accuracy was needed to seriously restrict the parameters of
the optical rﬁodel. Certainly there was no indication from these results that
the Woods -Saxon potential would not serve. 4 The analysis: s]ﬁowed in fact,, that
1 or 2% accuracy in the reaction cross section was necessary'to put restric-
tions on the optical-model parameters, Thev wotk reported in this paper is
an effort in th;s direction. The error introduced due to counting statistics in
the resﬁlts th;t will bé qupted below are of the order of 2% and can be obtained

in a reasonable length of time- {about 20 minutes). Higher statistical accuracy
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could of course be obtained in a suitable longer period of time.

it h.as. Béen point‘edv out- by Hirllt.zsiand Gre'e‘nlees"stha,t‘pi;o;:'on: fe-acfioril ér.(().s‘s‘
sections measur‘ed at energies n'ear’ th.e> doﬁiomi) balrrier should be especially
sensitive to the nuclear po.ten’tiais, since slrnallv variations in barrier height due
to the shape and character of the nuclear potential can alter reaction cross
~sections by a large amount. . A seriesvof éﬁcperiments or summaries of
relevant data to test this suggestion in the vicinity of 10 MeV have been re-

7-12 Tyis work is summarized in the next paragraph.

por'téld.
Meyuer. and Hin‘tvz;]collect‘ed all the data ax}aile;ble at that fifne on partiél cvr'oss

s'ections induced by pfotons at 9.85 MeV, partic'L:ﬂ-arly' the (pl, n) and (p, q ) |

cros‘s; section, whefe q is any char‘ged“par'ticle. ) "I.‘heir croés seétié}lé do‘ﬁ;ﬁt

include vé.lues for the(p, y)reavcvtion but fhis is e.xpected .to be.small (1 to 2 nnlb)° "8

Later Albert and Hansengpublis};ed new rﬁéasurérﬁerﬁts of b(f),ﬁ n} at 9..85 MeV

that they combined with the Me..ye.r .at‘ld“H.]..l"lth7 c“harged'-particle cross se;ét'i'oln‘

and wi.t.h(pv, Zri) convt.:ributib'ns that were"estirr.lat"ed,b—-ilsing the s:vt‘atisticé,llniodel'

of the n.uclevu‘s. 14Receﬁfly Wing ahﬁ Huizéngal?xléééﬁred thé(p, n)crosé sect'ibﬁ,

in this -enel"g')’ region. Ben&énisfélhas alsé rﬁeéé;lred o(p,q) for Cu. T;NO

experirﬁents have beéﬁ penformea at about iO MeV to méasure .fhe reaction

croés section for Cu by direct attenuatioﬁ of.the bv.eatrn° Greeﬁleesghas used a

metho-c»l involving the measurefnent ofl the unattenuated beafp Ioland thé atten-

nated béarn I by fotating a Au éamplé aﬁd a Cu sampie of tvhe same stobpiﬁg

power into fhe béam 'a.lter“nate.ly and meas:m'.ing....the vériatfon in counf rate lin a

stopping counter. The Iiz)o-wzer of.the .me.th.c.xi rests oun the rapid alternation of -

the .rz;leaSufement of IO (Au farget in).’a.ndvI (Cu targﬁet. in), thu's" évéraging’out

variations in beam intensity; v"I..‘he‘ Au target atténuation i‘s small so that only

a Vsr'nall. correction need be rna:d-.e.. Of cou.r‘se; in .additic;h a-.:co.rrection for

elasstic éééttering of Eeé.m pr'o.ton.is outside of the angular irkltv:e‘l.'val subtended

by the back counter must be made for Au, HoWever, since this is
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almost pure coulomb scattering, the correction factor, although larger than
that due to the attenuation in the Cu target, is well-known. In order to re.duce
the error to a reasonable value, 100 hours of machine time were required.

As will be discussed be>low, the method reported.in this paper requires 20
minutes to obtéi’m 2% statistical uncertainty in the reaction cross section for
each target. . Carlson et aL',lZ using a method involving the measurement of
IO-I, also obtained a value for Cu. The method is very similar to ours but
utilizes sloWer electronic equipment, and consequently required more than

a week of running time on a low-duty-cycle machine to reduce the error to 8%.

Recent measurements by these two groups yield values of 93070 mb8 at .

12 at 9 MeV. . Pollock and Schrank, using a technique

9.3 MeV and 970+ 75 mb
similar to ours, have reported results for 16.6-MeV protons.
The results of Greenlees and Jarvis, 8 Carlson et al. 12 tend to be larger

than the results of the experiments in which 0, is found by summing the

7,9, 10

R

pertinent partial cross sections. The measurements reported in this
paper are in accord with the latt_er experimental results. The present meas-
urements at 10 MeV lead to the following conclusions about the applicability

of the optical model with various vform factors. An optical model that uses a
vo.lume-absorption potential of the same shape and radius as the real potential
(i. e. the Woods-Saxon potential) predicts a range of reaction cross sections,
the upper limit of which nears the experimental values. 4 A surface-absorption
potential that reaches a maximum at the half-value radius of the real potential
can be adjusted to fit the elastic-scattering data and also fit the trend of the

. . 15,16
reaction cross-section measurements. ’

It has also been pointed out by
Hodgson that the data can be fitted equally well by volume-absorption potentials

if we relax the requirement that the radii of the real and imaginary parts of

the potential should be. jéqual, 17
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II. EXPERIMENTAL METHOD

- Previous-measurements using the attenuation method!’ 8 12 . had in- -
volved considerable amounts of accelerator time. - Consequently the statis- -
.ical'accuracy and number of elements measured weré always small.
Another:method based on summing partial reaction cross sections is prac-
tical only-at low bombarding.enérgies. - It has been applied in a few cases in
which all-of the reactions with appreciable cross sections haveée been
measured. * 7> 10
"4 -.-We-shall discuss a-method that: requires-about 20 minutes to obtain the -
raw data for a measurement with ~ 2% statistical accuracy using a. CW, 60-+
inch-cyclotron beam. The 60-inch cyclotron produces a well-focusedbeam
of 24-MeV H2+'ions outside the cyclotron shielding. Utilizing the:cyclotron. -
beam for, th’ese,-méasurements.:»requir-ed several criteria to be.met:" First of
-all, the beam intensity IO used in the experiment is'very small; .of the order
of 5% lO‘-L-_,sec—l protons. - Several serious eXperim‘ental-problems‘arise when
such-a configuration is used with'the 60-inch cyclotron. ~First of all, it is
hard to keep.the beam constant at times, since the ion source must be run
low-and tends to be unstable. If the-beam jumps up by several orders of
magnitude, as it may do, it is quite.possible to damage the plastic scintillators
in the counting apparatus. Also the beam tends fo be bunched at low power
. levels, owing to the 360-cycle ripple in the radio-frequency power level.
This effect can reduce the time when the beam is'on by a very large factor
at low power levels and increase the.data-collecting tinie. - Furtherrhore, it
is not possible to use this arrangemént at-all in.the case of molecular hydro-
gen, where it is first necessary to disrupt the molecular bonds and produce
hydrogen atoms. . S it Lo g T

There are, of course, several ways to meet the. difficulties presented

above. We have decided to produce a beam of ions for this measurement by
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elastic scattering of a small portion of the available external beam. The beam
preparation is sibwnlséhematically in Fig. 1, and the parameters for the proton’’
measurements are quoted below. The external beam for the 60-inch cyclotron
is focused by a quadrupole and a bending magnet on a 1/8 in. diameter tantalum
collimator slightly thicker than the range of the ion in the beam and followed

by an antiscattering baffle. Considerable care was taken to reduce the residual
gas pressure in the system. When this was done, if was found possible to focus
a 1-p A beam through the collimator. This beam was incident on a.vscattering‘
foil that for some measurements was a lead foil enriched in szo8 (&25100 MeV
for 12-MeV H+ ions) and a thorium foil of approximately the same stopping
power for the rest of the measufements (see Table II}). A hea.vy—element scat-
tering foil was chosen because the.cross section at small angles is mainly
coulomb elastic scattering, and therefore the number of undesirabie low-en=. -
ergy protons produced by(p,p“\/reactions is reduced. In addition, the large cross
section for Goulomb scattering from heavy elements reduces the intensity re-
quirement on the cyclotron beam. Thé isotope szo8 was chosen because the

208

first excited state in Pb is at an energy of 2.6 MeV, and therefore inelastic

protons would be at least 2.6 MeV lower in energy than elastically scattered
protons from reactions with Pb208° Unfortunately other lead isotopes were
present in relatively small percentages, and(p, p") reactions with these isotopes
put a limit on the energy resolution obtainable in this experiment.

Scattered particles at 15° can pass through a collimating system consist-
ing of two anti-wall scattering baffles and then through a 0.062-in. - collimator,
placed 10in.:from the lead foil, follovs}ed by an antiscattering baffle. The baffles
and the collimator are constructed of tantalum of a thickness just sufficient to
stop protons, to reduce slit-scattering effects to a minimum. The collimafed

‘beam produced by this system passes through two 3-mil-thick plastic scintilla-

tors (counter 1 and counter 3) spaced 22 in. apart. Counter 1 is subject to a
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heavy electron bombardment from the lead foil in the a.‘t)\sen,ce of a inagnetic -
clearing field. A.magnet placed close to the lead foil prevented the electrons
(maximum energy ~20 KeV) from reaching counter 1.~ This is important since
it sets the upper limit on the counting rate.  This is so because at too high
counting rates in counter 1 the pulse-height response becomes unsteady owing
to high-current phenomena in the phototube.

In order to remove protons multiply-scatteredaway from the axis of the
beam line, a 0.180-in. -plastic scintillator collimator céunter (counter:2) was
- placed divrec'tly in front of counter 3. Counter 1 and counter 3 ogtpl-lt pulses
were put into fast coincidence (7= 2mpsec), and pulses from counter 2, after
having passes through a tunnel diode discriminator circuit-18 that produces
shaped pulses of uniform height and of width 20 mpsec, were put into antico-
incidenée. By utilizing the time-of-flight separation resulting from the 22-in.
flight path S, (p,p') events from 'Pb208 can be reasonably well separated, since
the first excited state yields 7.2-MeV protons, The’t,imef;l@f"‘e'fflight re-

quirement is capable of separating out anything less than 7.4 MeV with good

efficiency since & E/E z—zsl ——ZEE— ~ (0,33, where E=11 MeV, and m is the"

proton mass. Some (p, 'p') events from other isotopes of lead in the enriched
Pb208 scattering foil cannot be removed, sincbé the firstvex_cited states are
closer to the ground state. In the case-of the thorium scatterer,’. the (p, p')
cross section is'almo’st negligible,  since the coulomb barrier is high. In ad=-
dition, sllit-sca'tte-red osarticles . not removed by the collimation system may
céntribute particles that are not removed by the time-of-flight technique.
Great care was taken to insure that there were no sources of scattering after
counter 1. As an example of this, counter 2 was made an anticoincidence col-
limator counter in place of an-ordinary metal collimator; and all beam-tube
dimensions were made large enough to remove the possibility of wall scatter- .

ing. Multiple coulomb scattering of the protons in ¢counter 1 removed 85% of
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the protons from the beam, i.e. only 15% of the protons passing through
counter | also pass through the 0.180-in.hole in counter 2. This means that
the counting .rate in counter 1 is about seven times as high as in any of the
other couﬁters. 22 'Therefore it limited the counting.rate in the experiment
because, as mentioned above, if the counting rate is too high then the pulse
height becomes unstable. The counter-1 counting rate was about 5><105 sec_lg
The coincidence rate for the ki‘nd of event 1 2 3 (where by the upper bar we
mean that counter 2 is in anticoincidence) is, however, very close to the max-
imum rate allowable from another consideration. We obtain an event 1 2 3 in
every 240 rf bursts. If we obtained one in every 100 rf bursts with a perfectly
uniform beam, we could expect that in 1% of the time two protons would pass
through the apparatus in 1 rf burst and introduce a 1% correction to the exper -
irr ental result. Since in fact the beam does show some structure associated
with the rf voltage (f = 360 sec_l_) even under the best operating conditions,
one would probably settle for a value of I0 of the order of magnitude that it
has.

All counters following counter 2 are mechanically aligned with respect
to counter 2. However, the 22-in. pipe connecting counter 1 and counter 2 is
relatively flexible so that the assembly may be aligned with respect to the bear
line defined by the bearmn. s.'pot...on the scattering foil and on the 0.062-in. colli-
mator preceding counter 1. This is easily accomplished by recording the
number of 1 2 3 events vs integrated incident beam as measured in the
Faraday cup (see Fig. 1). When the apparatus is slightly out of line so that
a large proportion of the protons is striking counter 2, the 1 2 3 counting rate
is greatly reduced. This effect- allows accurate alignment.

.The-monitor counter a‘.ti’»()OpA(see Figl) receives some scattered radiatiod.

The photomultiplier output is "'di'spiayed- on an oscilloscope triggered by the
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60-cycle main power so that the operator can view the gross beam structure
introduced by the 360-cycle modulation on the rf voltage discussed above. The
operator can then readily optimize machine paramenters . to obtain the best duty
cycle available.

Countef 4 is a 4-in.-long cylinder of plastic scintillator with a .0.3-in. wall
thickness and an inner diameter of 0.20-in. It extends as closely to.the counter
3 and to the target as is mechanically possible. It is viewed by a 6810 photo-
multiplier, and it serves further to collimate the beam, since some particles
are multiple-coulomb’ scattered out of the beam line in countef 3. Another
very critical reason for having counter,4 will be discussed below. A metal
collimator placed between counter 4 and the .targ_et prevents backscattering
from the farget from cancelling out IO events. Counter-4 pulses also pass
through a tunnel diode discriminator circuit and are put into anticoincidence.-
Finally, then, a beam particle is defined by an event of the kind 1234, and
in what follows we understand that the intensity Io represents the frequency
of events of this kind, i.e. I0 =,1234. In the attuenuation technique utilized
here the quantity Iy-1 1s measured by placing counter 5 (see fig. 1) in antico-

incidence, i.e. I,-1 =12 345, The advantage of this kind of measurement

0
over measuring IO and I separately is obvious,

At the beam levels used in this experiment, significant gain shifts in coun-
ter 5 are to be expected. It is therefore extremely difficult to eliminate ine-
lgstic events éccuring in the target by pulse-height analysis. A simpler and
reliable way is to place an energy-degrading foil.in front of counter 5- thick: .
enough to stop protons that have been inelastically scattered in the target.

The beam energy spectrum will have.a tail extending in energy down fron the

full energy E by an amount 8E = 0.33E, owing to slit scattering and (p, p')

events in the minority isotopes in the lead target. The degrader thickness
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could not be great enough so that particles in the tail did not reach counter 5.
In practice the degrader was adjustged so that 6.5-MeV protons produced by
inelastic events at the center of the target (thickness = 1 MeV) were unable to
pass through the degrader. The pulse-height distribution in counter 5 was
determined to check that the low-energy-tail protons were indeed passing
through the degrader, but the data were not usable to further separate inelas-
. tic events,

Scattering of beam particles in the target to angles of 60.?".are detectable
with our present arrangement. Scattering through angles of this magnitude
can appreciably increase the path length in the target and degrader. This
effect is compensated for by devreasing the amount of degrader that the proton -

‘must nassthroughif it is scattered through such an angle (see Fig. 1).

Absorption of the protons occur more frequently in the Al degrader, since
it is several times as thick as the targets. This contribution had to be sub-
tracted. This is done by removing the target and placing a "dummy' target
in the beam ahead of the scattering foil of such a thickness that the beam en-

ergy incident on the degrader foil is the same, and the numbers of '10 (‘: 12

34)and ig -1 () 12 345)events are measured.
Since elastic and inelastic scattering cannot in general be neglected,

counter 5 must subtend an.angle 0 large enough so that the elastic scattering
TT .
| - o, (8)dQoutside the angle 95,[where 0, (6) is the differential elastic-

sca%tering cross section],is not so large that the uncertainty in this quantity

limits the accuracy of the measurement. Of cournse 95 is made as small as is
‘ N P .

AN

possible to reduce the inelastic contribution. | > Ui(B)dQ, where 01(6,') is

i=0 O
the differential inelastic cross section fcr the excitation of the _i_th level of the

target element, and the sum extends from the ground state upo to the Nth state.

Higher-lying states afe_ exciude_.d by the energy resolution afforded by the de-

$

grader. By % (f) we mean the compound elastic differential cross section.
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When a "target in* measurement’ (IO 14 —I) and a "dummy in' measure-

ment (i -i) are made, the energy of the proton incident -on the degrader is

0’ i0
the same in order that absorptive effects in the degrader”will-"-b’e exactly com-
pensated for. However, this has'the serious effect of changing the enérgy that
the protons have when they are incident orr=counter 3in the two configurations.
In'the experiment, described here, the energy incident on counter 3 was 10 MeV
and 11 MeV in the two configurations, respectively. It turns out that thecarbon
elastic cross sectionlg‘:shows‘ an extraordinarily large resonance in this energy
region.  Counter 4 in anticoincidence greatly reduces the effect of S’cat‘t»ering

out. . However, the number of protons scattered out at larger angles than the

angle 64 subtended by counter 4 is. still appreciable. The solid line-in F1g 2

shows the value of the quantity

T 1
J ogg@®@+ = o (@)]de =n
94 i=0

averaged over the energy spread' of the pr.o't"ohs paesing through counter 3, pidt-—
ted against the ene’rgy‘,19 The quantity V'c'J".SVE.(G.) is the differential cress section
for shape elastic scattering. ‘These datalgr'e very cor'nprehen.sive,- so that the
correction could be reliably made. As a check, however, the degrader was
removed from counter 5, the target was removed, and the quant1ty (1 —1)/1
was measured as afanctionof beam energy, "The beam energy was reduced by
the rnsertion of foils before the lead scattering foiiﬂ, Squares in Fig.,' 2 shews
the result of this measuremenf. A'ntie‘oinciden.ce. e;reht-s ebi;ained in this con-
figuration a.re due to reactions or ele.stic ,scatter.ing >in cox‘i.n‘ter 3. The obser -
vatron of the position of the re'senance.in the cross section m:ade' a quick and

reliable method to measure the beam energy. A quant1ty 'r]:,)s-(‘r]t ’r]d) is defined,

where nt and 'r]d are the values of m. at d1fferent energ1es for two conf1gurat1ons,
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i.e., target-in and dummy-in. The scattering-out correction ’r]3 due to coun-

ter-3 events discussed above is obtained from data in Fig. 2 and applied to the
(

measurement. The experimental quantities IO’ IO”'I’ iO’ io -i, and T]3 are

related to the quantity of interest R by the equation

o | '10—1\ n'x' y
Iox | “|Tyax] ~ "3 Tox =g ¥ \Je osg (048
o5
5 N
‘-J,' Z o0.(0)d
. . ;
) i=0

where n is the target density; x, the target thickness; n', the counter-3
density; and x', the counter-3 thickness. The quantity 65 is the angle sub-
tended by counter 5, and sk (6) is the differential shape elastic-scattering
cross section o1 (6)-00 (6). Combining the results of this measurement and

5,19, 20, 21

the elastic scattering data, we obtain the quantity

I( IO—I ot n'x' ' T ; 49
M T nx " \7nx 'T]3 N - -r [USE(G) + 00 (6)]

™ 05 N |
= op - J cy(0)da - f z o, (6) dQ

. i
0 : 0 i=1
: 0. N
=0p-0gg- 7 Z o, (0)dq
0 i=1 :

where O CE is the compound elastic cross section, and R is the reaction cross ‘

section.
As we improve the energy resolution, the inelastic-scattering term may

be reduced but ¢ .. remains. It may be large compared with the value of TR

CE

at low energies for light targets. At high energies it generally will be .of
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negligible importance. For the 10-MeV proton measurements, the compound
elastic c.orrve.:ctiovn may be very.large. Since the inelastic-scattering term can

be estimated from inelastic-scattering davta_', 23 the extracted quantity is 'R~ cE
the nonelastic cross section. It should be noted that optical-model calculations )
generally pred_ict OR"

Figure 3 shows a schematic diagram of the electronics. . As high gain and
good time resolution wére needed, the RCA—7264.photomu].tip'lier was .chosen.
for counters 1l and 3. . For the other.counters, the RCA-6810A photomultiplier
was used. At high counfing rates (= 105/sec) pulse -height fluctuations may
occur in counters 1 and 3 owing to high-current phenomena. This problem
was solved by providing voltage to the last five dynodes and the anode directly
through cathode followers.

- The pulses from counters 1 and 3 were amplified with wi_d_e_«_nba,n_d amplifiers
and put into a Wenzel fast coincidenceunit (CC1). 2_5 Using 10-inch clip. lines and

large input pulses {3 volts) made it possible to obtain 2 musec resolving time.

For anticoincidences the unit was found to work best with large constant-size

pulses (6 volts). . To accomplish this, a tunnel diode discriminatorls produc-

ing a constant plitput 'pulée was ﬁs.ed on all pulses for anticoincidencéo - The tunnel
“diode discriminator unit differentiates the incoming pulse and fires on the zero

crossover point. this eliminates, to' a la.rge-exfent:9 the:characteristic time

Jitter of the usual fast discriminators and preserves good time resolution. Three -

coincidence units called CCl,. CC2, and CC3 '(see' F1g 3) were needed to accom-

modate the anti~-pulses. .The output of CC1l was fed into CCZI and the CC2 output

fed into CC3. . Counter 3 was carried through all units in order to eliminate the

possibility that noise would trigger the circuit. A slower resolving time was

used in CC2 and CC3 because the fast resolving time from CCIl is automatically

carried through these units, . Scaling the output of CC2 gives 1 2 3 4 or I, and

0

for a fast linear gate unit. 26 A fast lineaf pulse from counter 5 with appropriate

CC3 gives 1 2 345 or I,- I. The'oiitput-of CC3 was used also as the gate pulse
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delay is fed into the linear gate. If the gate is open this signal is further
amplified q.nd stretched and fed into a 400-channel pulse-height analyzer.
The capacitance feed-through on the linear gate is adjusted so that a small
pulse is sent to the pulse-height analyzer even though no linear signal from
counter 5 was coincident with it. The resulting peak in the pulse-analyzer
spectrum is narﬁed the "miss peak.'

The counter-5 tunnel diode discrimator is adjusted so that any pulse
height below the full-energy peak height will gi:ve rise to a CC3 output pulse.
A sample spectrum is shown in Fig. 4. The miss peak contains the(p, n)events
and those(p, p') events in which the inelastic proton fails to traverse the degrader,
i.e., all inelastic events in which the outgoing proton energy Ep' < 6.5 MeV.
In Fig. 4, events in channels 15 to 24 are inelastic events (6.5 MeV < Ep': <
7.4 MeV)., The events above channel 24 include inelastic events with outgoing
proton energy 27.4 MeV and the low-energy tail of the ‘incident beam. In this
energy region no separation can be made between these two, since the time-
of-flight separation s?stem is capable of separating out only protons with
enei'_gy < 7.4 MeV (see discussion of time-offlight method at the beginning of
this section). The cutoff at about channel 64 (9.5 MeV) is at the lower side of

the full energy peak.
| For setting up the .electronicé, an experimental procedure was followed
that minimized the check-out time é.nd gave the most consistent results. First,
the pulse heights and delays from the counters into the three coincidence units
were all checked and set at optimum values. The thresholds on the three-
tunnel diode discriminator from counters.Z, 4, é.nd 5 were then set as low as
possible__ Antidivs-rcri'gni;nator curves were then taken. The number of counts

in the miss peak for a fixed I, value wavs' plotted against the CCl1l, CC2, and

0
CC3 10-Mc discriminator settings to otain:discriminator curves. Experimen-

tal parameters were carefully adjusted in order to obtain flat anticoincidence
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discrirminator plateaus. With the CC discriminators set at the values obta,ih'ed,
the number of counts in the miss peak for a fixed I0 value was measured as a
function of counter-1 delay time (see Fig.5). The minimum occurs at a relr-
ative delay of approximately 1.8 mpsec: * If the delay is decreased, a rise in
the number of counts in the miss peak for I;= 2x10° is observed. This effect
is contributed to by two kinds of events. First, by protons of energy < 6.5 MeV
yield large delay-line-clipped pulse heights into the coincidence circuit. Con-
seéuently they may fire the IO circuit and cause a count in the miss peé.k even
though the delay setting is unfavorable. Secoundly, elastic, inelastic, and

(p, q) events (where q.v.is a charged particle) that occur in counter 3 may con-
tribute. Such an'event'is counted mos‘t efficiently at short delays and of course
coutributes to the miss peak. This is due to the early firing of the coincidence
circuit by the large pulse frem counter 3 when an event of this type occurs,
The sharp rise in'the number of counts in the miss peak for longer delays

(see Fig. 5) is due to the fact that protons in the low-energy tail are c‘ounteid
most efficiently at longer delays, "I.';oW—en-ergy protons contribute relétiVely
more counts in the miss peak. The minimum in this curve, thén,‘ ié the point

at which the coincidence time-of-flight technique'is working at its best.
III. REACTION CROSS SECTION RESULTS

The raw data for the rnea.surements on Be, Cu, Ag, and Au targets‘ are
listed in Table I. Target:thicknesses:areadjusted to be 1 MeV thick. In order
for the contribution of the error due to couhting statistics to be comparable
to or srhaller than contributions due to other sources of error, it Wés neces -

sary that I, ®2X 107. For the Be target, the resulting statistical uncertainty -

0
in the reaction cross-section measufement is aAbout 1%, whereas for the Ag

and Cu targets the statistical uncertainty in this quantity is about 3% owing

essentially to the smaller number of target atoms per square centimeter in



-15- UCRL-10281

these targets.

The counter 3 correction '1'13 n'x'/nx varies in importance. For a Be target
it is a 0.2% correction at 10.12 MeV and a correction 3.5% at 9.90 MeV; where-
as for Ag, it is 0.7% at 10.12 MeV and 10% at 9.90. Fortunately it may be
obtained accurately by the method outlined above. The values of o, the raw
cross section, are listed in the last column of Table I. They must be corrected
for elastic and inelastic scattering: . These corrections are listed in Tables II
(a) and II (b). |

Tables 1I(a) and II (b) are 2 summary of data obtained. The raw cross sec-
tions, o (some of ‘which arelisted in the last column of Table I), are listed in
the second column. In the third column the élastic corrections are listed,
and reference numbers to the data used to make the corrections-are given.

" Wherever experimental data on elastic scattering were available, ‘t.hey were
inte;grated between the proper limits and listed in the table. In some instances
“elastic-scattering data were available at nearby energies. Interpolation or
extrapolétion of this data was sometimes possible. Optical-model calculations
were kindly made available to us be Dr. E. Schwarcz in order to check those
cases in which the extrapolation or interpolation was severe. Dr. Schwarcz
has used the results of the Fernbach- Bjorklund optical-model ana.lysis15 to
obtain these results. The same situation obtains for the inelastic scattering
data at the angles subtended by counter. 5. However, the correction 23,24
was a great deal smaller than the elastic-scattering correction [see Tables II
(a) and II (b)].

It is to be noted that for Au, Th, Pb, and Ta the elastic-scattering cor-
rection is véry large. Therefore, although we measure o with a statistical
accuracy of about 2 %, we know OR"CCE only to about + 40% for these heavy
elements. Thus it is difficult to measure 0, - ¢ for hgqyy elements with

R CE

good accuracy at 10 MeV., We may use ¢ for heavy elements, however, as a.
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check on the reliability of our results, since elastic-scattering data exist for
Au in particular,. and show that elastic-scattering correction is pearly-equal

to the correction that would obtain for coulomb scattering from a point charge.

. Thus the sum of the elastic correction and the optical-model value fQ_r. 0-_R-

From the work of E‘_ernba,.-ch a:ndABjor‘.lglu‘._ndlsf should be. quitga_: close-to the cor-
rect value for this quantity, since deviations in TR from the .optical-model
value will cause small errors.in the sum of.these two quantities... Our meas-
ured values of ¢ for Au agree,. within the statistical uncertainty of 2%, with
the theoretical value. - .

In Fig. 6 the predicted reaction cross sections TR at 10 MeV for a surface
a.bsprpt.i_on potential 1‘5. that fit .the elastic-scattering data are plotted. .Also -
plotte_d...a_._re; the measured values, of GR;a::q_CE-M_-;The agreement with the results
from the surface-absorption model is qualitatively.good for AZ/3 > 16, . although

the measured values tend to be systematically larger. . The. s,‘o_lid' and dashed

curves representing the optical-model predictions show.the change in.the cross.
section resulting from tvh;e beam energy difference on the two experimental -
runs When,the data were collected. The-experimental points systematically
reflect a.similar difference.. _F.or‘AZL/3<-:‘.16, the strong minima.near Niand C
cause’ large deviations from the .predic;'tio_n.s, but it shou_-ld be emphasized that
we measure gp - 0 CE® . It is quite possible that these deep minima may be due

to resonances in o near.C and:Ni. .Such an interpretation of neutron reaction

CE
cross-section data has been suggested 1__:>y_,41:?_eAr‘ey.”22_‘_8 At 10 MeV, . C is certainly
expected to have a large cross section for 0" Because of the high (p,n) '

threshold, 18 MeV, only two states, the ground state and the first excited
29

state, are appreciably populated from the compound nucleus at 10 MeV. ™",

. One expects these states to-be roughly of equal intensity, thus expldining the

deep minimum we get.in o ~g for C..

R™7C

B [
PREPARt
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An alternative viewpoint, that the minimum in the vicinity of Ni is asso-

ciated with ¢ cannot be ruled out. This would imply that the nuclear area

R’
presented to the projectile shrinks by about 12_‘% in the yicinit_y of the proton
closure at 28 protons, or a size resonance occurs. 10 Measurements of 40-
MeV alpha-particle reaction cross sections (sopn tc?;be_ reported) also show

a minimum near Z = 28. This tends to support the Vi_e_vaoint‘ th;t the nucleus
shrinks there, since OCE should be insignificant at 40 MeV for alpha.parti—
cles and size resonances should have a small effect.

Figure 7 shows:the predicted range of values for the reaction cross section
by use of a Woods-Saxon poteﬁtial (volume absorétion) adjusted to fit the elastic-
scattering data. The experirﬁenpal reaction cross section is not inconsistent
with the upper limit predicted by volume absorption. Note in Fig. 7 that the

3, 30 As an example, the range of

2/3: 16

calculations were for specific elements.
reaction cross sections predictéd as in Fig. 7 in the vicinity of A
should be compared with the Cu data point and not with the experimental
measurements for nearby elements. For larger values of AZ/3 the shaded

bar represents only regions where good fits could be obtained and does not
necessarily represent limits of TR- ‘Although greatly restricting the sets of
parameters.that one may use, the R data have not yet enabled one to choose
between surface and volume absorption.

Figure 8 is a plot showing all the experimental data available near 10 MeV
plotted as a function of A2/3. The agreement between the trend of the data of
Albert and Hansen, ? of Wing and Huizenga, 10 and our data is satisfactory.

The reaction cross section measurements for Cu at about 9 MeV are also plot-

8, 12 These have been measured by the attenuation technique. These values

ted.
are larger than our results and the results from the summation technique.

Since they are measured at 9 MeV, they would be expected to be smaller to be

in accord, because of the effects of the coulomb barrier.
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It has Béenfpbihfédﬂéht:eafiié}ifhat reactioh cross séctions near the bar-
rier height should be partichlarly sensitive toithe shape of thesoptical-model
p'ote‘ntiall.:: It is in the vli':cih'ity‘c;f A2/3:24 that the c.:i';c;)'ss sections reach a max-
1mum and tl'ie,r"efbrejtshe éeﬁs'i'tivity to "c;:’harig‘e's: in éip,’éi'cal ﬁaialrﬁeférs} is maximized
in this r'evgi(;n'.' There éppea‘f's"fo be a siystern-'a'tic.:d"éyiéticnjn between current
.opticélQmOdél calculations and our measured rééétio’r; cross 'Ase"ctfti:(_)ns in this

)

region.



" Table I. The experimental quantities obtained in the measurement of 0 - @ The column heads are

. . R CE’
P o . IO-I iy -1 .
- defined in the text, except ¢, which is - - n3 2 X
IO nx i, nx
B_earm Element Target I ‘ I,.-1 i » i, - i*— I.1Mn,n'x’ nxo o
energy ~ thickness o 0 : 0 » 0 0
N T R 2. a6 6 a3
MeV (mg/cm®) {x10") (X107) - (X10™7) (mb)
10.15 Be 23.57 | 20.115 34007 20.000 14466 +45 1.0171 672
.-9.93 Be 23.5_)7 20.000 31921 20.000 12152 -754 - 0.9507 605
10.12 . ~.Cu . ,36'70 20.011 21181 20.000 14466 +40 0.3334 1000
9.90 . Cu . 36.70 ~.20.000 19446 20.000 12164 -764 0.3259 940
10.12. . Ag 43.05 20_.516 21239 20.000 14466 +40 0.3125 1312
9.90 . Ag .. 43.05 20,000 18978 20.000 12162 -762 - 0.3027 1258
10,12 Au 54.46 20,015 24841 20.000 14466 +40 0.5101 3068
0

9.90A ‘ Au 54,46 - ©20.000 22840 20.000 12162 -762 4958 2952

Average of four runs.

_6‘[_
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Table II (a). The raw cross section o, the elastic-scattering correction, inelastic-scattering correction

OR” cw’ and the lab e.nergy at the center of the target. A lead scattering foil enriched to 94% Pb208 is
used in these measurements.
‘Energy o T . L , - 95=NéO.ZO (lab) Op~ TR
[ogg (B) T 0p(0)]de Y- 0,(0)de
=1
0 = 60.2° (lab) 0
(MeV) (mb) (mb) | (mb) | | (mb)
Be,lo,lsi.47 . 672% .10 89+ 5? e - 80%.8%4 . 663 14 ...
C 10.16% .46 618+ 13 286 1417 o Lot 3324, 19 . -
Al 10.12% ,50-.© 797% .24 190+ 10° S 97 1043 . 704+. 28 -
Au 10,12+ .50 . 3068% 59  2895%89° - - 0" S 1734107
Cu 10.12% .50.-. 1000% 41 2154 11° o 312 323 816+ . 43
Zn 10.12% .50, - 994z .41 193% 1020 22 o 49z 5%3 850%- 43
Ag 10.12% .50 . 1312% 57 630z 32° | o7z 123 689+ 65
Ni 10.14%.48° 834+ 40 = 223# 11° o gogx %3 700+ 42
Rh 10.14% .48 1303 57 562+ 42°7 10+ 5" 751% 71
Nb 10,174 .45 = 1172+ 57  483% 3722 S 15¢ 5"  703% 68 -
Ti 1022+ .40° = 902+ 43 lléx 920 o ax 423 830+ 44
Fe 10.20+ .42 853+ 45 - l148x 1120:27 | 54+ 523 759+ 47
Ta 10.20% .42 2508+ 119  21792164°7 SR P 331 203
Sn 10.21%.41  1522% 72 803+ 40° | : 4z 123 723 82 .
7¥ 10.25% .37 1233% 72° - 4b3xa4s” o T oz 5 "800+ 85

“Estimates from interpolation of other data.

-02-
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Table II (b). The raw cross section 0, the elastic-scattering correction OR" GCE’ .and the lab energy at

the center of the target. A thorium scattering foil was used in these measurements.

Energy o ™ 65:.1\5)2.10 (lab) OR™ PCE
- Logg(e) ¥, (0)]an T 0000 »
6= 62.1° (lab) o
(MeV) (mb) {mb) (mb) - (mb)
Be 9.93% .47 605+ 10 92+ 5° : gox 82> 24 593+ 14
C 9.94% 46 504 13 275+ 1417 ' 0%? . 229+ 19
Al 9.90% .50 744% 24 185+ 10° 97+ 1023 656+ 28
Au 9.90%.50 2952+ 58 2790+ 86> 0" 162+ 104
Cu 9.90% .50 940+ 41 216+ 11° 312 323 755+ 43
Zn 9.90% .50 883+ 41 203+ 1020722 49z 5%3 729+ 43
Ag 9.90% .50 1258+ 57 603+ 30° 7+ 123 622+ 64
Ni 9.92% .48 766+ 40 220& 11° 89+ 9%3 635+ 42
Nb 9.95% .45 1161+ 57 453z 36%° 4 15% 5 7234 68
Ti 9.99=% .41 887+ 43 114x 920 ' 44 4% 817+ 44
Fe 9.97+ .43 820+ 45 146 112027 542 57 7281 47
Ta 9.98% .42  2496= 119  2110% 1602 2z 17 388+ 195
Sn 9.99% .41 1374 72 768+ 38° 4z 13 . 610+ 82
Zr 10.03% .37 1197+ 72 424+ 42" 20 5° 793 83
Mo 10.03% .37 1168+ 72 467+ 47" 20% 5" 721% 86
Th 9.98% .42  3550% 108 3415+ 108" - 0" -65+ 153
Pb 9.92% .48 3266 100 3050 1107 0" 2164 148
V. 9.96% .44  1082% 40 320+ 48" T 20¢ 3237 2824 62

“Estimates from interpolation of other data.
Tg,.= 48.6°
5 o

18201-1TYDN
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Figure Captions

1. Schematic diagram of the experimental area.

2. Beam energy calibration curve. The solid curve and the symbol @
represent the Japanese elastic scattering data 1‘9'.suita;b1'y intégr'ate.d' ‘.over
the energy loss in counter 3. 'I‘He syrhboi: %i‘é}preselnts the‘ experimental
points from this work. |

3. Schematic diagram of the electronics.

. 4. Counter 5 pulse-height spectrum.

. 5. The miss peak vs. the variable delay on counter 1. The arrow

indicates the position chosen for the runs.

. 6. Proton 0,- 0 ... around 10 MeV: § - the experimental points at

R CE
10.1 to 10.2 MeV, @— the experimental points at 9.9 to 10.0 MeV.  The

solid and dashed curves are the'theoretital,ipredictioné:'of ogr at 10.1 and

b

9.9 MeV, using an optical model with surface ab.sorption.

. 7. Proton reaction cross sections showing predictions using both volume

and surface absorption. . The symbol § represents the experimental
points; the solid curve, surface absorption predictions of Bjorklund and

24, range of values predicted by the Woods-Saxon potential

Fernbach; and

(volume absorption) as calculated by Glassgold et al. 3-'amd Nodvik and Saxon’.30
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Fig. 8. All experimental data in-the région of 10 MeV plotted as

function -of A2/3:
% Results of this experiment; .

[ from Albert and Hadsen (p,n)’ and Meyer and Hintz (p,0)i'
, @ from Wing and Huizenga (p, n) 10 and Meyer and Hintz (p, q):7_

% from Greenlees and Ja‘rvis;8 % from Carlson et al; ~ and

{ from Nagahara.



27 UCRL-10281

 Scintillator No.5
E oy = 6.5 MeV

\O AN

Scintillator No.2

208 o) i 68\0
ZbE=| ?\;‘:g'{/ferer Collimator .180 in. |d\\\
0.062-in. id. ) _
Gollimator Degraders
0.125-in.id.

Collimator

all baff Ies\\
A

Dummy target I\ 0.250-in. i.d.
6p variable™ » || AE =0.25 MeV Scintillator No. 4
AT T . . ' 0.200-in. i.d.
° | (oo Faradey fnfiscotiering Scintillator No. 3
Antiscattering cup AE=0.25 MeV
baffle ZZ~Monitor
MU.27963

Fig. 1



.28. UCRL-10281

700 -

eoo: | /i" .\i\ - 7

Q_'ihf.+ el >65°(mb)

L q
GE g !
400} -
200 Cq ey L ‘
98 1004 102 104 7 10.6 108
Ep (Mev):
MU.277141
Fig. 2



Io
ast

fas
scaler

[__
LrE

. fast
Counter| _ |wideband| [variable Coin Wenzel Wenzel v Wenzel scaler
51~ fast- 10-Mc -
I amp. delay coincidence Ig)l;l\élc Coin|coincidence disc coinfgi%tence
Unit ccl Unit cce |Coin Unit
CCt I cec2 T ccs :
Coun’rér_jTg-"réel Widebond | | wideband| Anti Qutput | Wideband Out put Widebond Output | Wideband
> d!o N amp amp. ‘ amp- amp- amp.
isc.
‘ 10-Mc
Wideband Coin Coi Coin disc
Counter | | Deloypo—2000 1 oin I CC3
3 amp.
Io- 1
scaler
Counter|__|{Tunnelllwidebond ’JWidebcnd Del Anti Ip-1
diode 1 gmp. amp. elay scaler
disc
Counterl| Tunne! Wideband | |Wideband | Anti Gate
5 7] diode[| amp. amp. — Delay Linear Output |400- channel
disc gate pulse-height
analyzer
Wideband Signal
amp. Delay
MUB-1160
Fig. 3

- 62-

18201-T149DN



230- UCRL-10281
5
10 T T T T ] T
Miss peok
6.5 MeV
10* ﬂ N
o
(o ]
~
=
*
N
~
")
-—
g Counter
discriminator
8 10° b b cutoff  —
7.4 MeV l
i ' 9.5 MeV
»
102 |- ‘
o} 10 20 30 40 50 60 70
Channel
MU.27139

Fig. 4



Miss peak (I,= 2xl06)

-31-

5000 T T T
4600}
4200}
3800{\ v :
o ——— .
34001 i i\{\i /I}—
3000 ! 1 | |
0 05 1.0 .5 2.0 = 2.5
“Variable delay time on counter |
(mpL/sec)

MU-27138

Fig. 5

UCRL-10281



O_R - O_CE (mb) .

-32_

800

600

" 200

S B N S B B L

40 120 - 200 280" 360
A2/3

MU-27135

Fﬁg..é

UCRL-10281



O-F - O-CE(mb)

1000

800

600

400

200

-33-

4.0 12.0 200 280 360
2/3

MU-27140

Fig. 7

UCRL-10281



Og (mb)

1000
800
600
490

200

-34.

1 ] ] ]

80

]
200 280 360
273

20
A

MU.27137

Fig. 8.

UCRL-10281



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access.
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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