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Lawrence Radiation Laboratory 
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ABSTRACT 

We have obtained proton 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 feature of the data is the appearance of two strong minima 

in the elements lighter than Cu. The data are compared with optical- model 

predictions. These 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 paten-

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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10-MeV PROTON REACTION CROSS SECTIONS FOR SEVERAL ELEMENTS 

Bruce D. Wilkins and George Igo 

Lawrence Radiation Laboratory 
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Be:rke:i'.ey;, Californ:ia 

August 6, 1962 

I. INTRODUCTION 

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

l : 
model predidi0:ns for protons. The first measurements by Gooding at 

Minnesota were made at 34 MeV. Later ·work at Minnesota that used the same 

2 
equiprr.ent at 61 MeV has also been reported. These results were used to 

test the results of the extensive optical-model analysis of elastic-scattering 

proton data by Glassgold and his collaborators 3in 1958, This analysis has 

shown that a volume-absorption potential of the same spatial dimension as the 

real potential (the W-oCJds-Saxon pote:ntial.)4 was· ade:.quate::tb" fiLthe :elastic-scat-

tering data, and that furthermoreo;, there was arr,biguity particularly in the depth 

of the potential V and the size of the nuclear radius R, The quantity VR 
2 

needed 

only to be fixed within a fairly wide range in V and R, the so called VR
2 

ambigu-,. 

ity. The Minnesota reaction 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 model. Certainly there was no indication from these results that 

the Woods -Saxon potential would not serve, 4 The analysis: showed in fact,, that 

l or 2% accuracy in the reaction cross section was necessary to put restric-

tions on the optical-model parameters, The wd"k reported in this paper is 

an effort in this direction. The error introduced due to counting statistics in 

the results that will be quoted 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 tirr,e. 
. . . . . . ... >· . " .· . . . 

It has been pointed out by Hint:z?and Greenlees'that proton reaction cross 

sections measured at energies near the coulomb barrier should be especially 

sensitive to the nuclear potentials, s-ince small variations in barrier height due 

to the shape and character of the nuclear potential can alter reaction cross 

sections by a large amount. ' ,. A series of experiments or summaries of 

relevant data to test this suggestion in the vicinity of 10 MeV have been re-

7-12 
ported. This work is summarized in the next paragraph. 

'· . "/ . ·. ·. . 

Meyer and Hintz collected all the data available at that time on partial cross 

sections induced by protons at 9.85 MeV, particularly the (p, n)ci.nd lp, q· · i 
cross section, where q is any charged particle. Their eros s sections do not 

include values 
. 7 8 

for the (p, y)reaction but this is expected to be small ( 1 to 2 mb). ' 
9 ·. . . . . 

Later Albert and Hansen published new measurements of cr(p, n) at 9.85 MeV 

that they combined with the Meyer and Hintz 7 charged·-particle cross section 

and with(p, 2~) contributions that were estimated, --using the statistical model· 
14 . 10 . . . ... 

of the nucleus. Recently Wing and Huizenga measured the(p, n)cross section 

in this ene~gy region. Benveniste
1
has also meas~red cr(p, q) f~r Cu. Two 

experiments have been pe~formed at about 10 MeV to measure the reaction 

8 
cross section for Cu by direct attenuation of the beam. Greenlees has used a 

method involving the measurement of the unattenuated beam I
0 

and the atten­

uated beam I by rotating a Au sample and a Cu sample of the same stopping 

power into the beam alternately and measuring.the variation in count rate in a 

stopping counter. The power of the method rests on the rapid alternation of 

the measurement of I
0 

(Au tar get in) and I (Cu target in), thus averaging out 

variations in beam intensity. The Au target attenuation is small so that only 

a small correction need be made. Of course, in addition a correction for 

elastic scattering of beam protons outside of the angular interval subtended 

by the back counter must be made for Au. However, since this is 

II 
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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 reduce 

the error to a reasonable value, 100 hours of machine time were required. 

As will be discussed below, the method reported. in this paper requires 20 

minutes to obtaiilL 2o/o statistical uncertainty in the reaction cross section for 

each target. Carlson et a1.,
12 

using a method involving the measurement of 

10 -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 8o/o. 

Recent measurements by these two groups yield values of 930±70 mb
8 

at 

12 
9. 3 MeV and 97 0 ± 7 5 mb at 9 MeV. Pollock and Schrank, using a technique 

' 13 
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 (J R is found by summing the 

t . · 1 · 7 • 9 • 10 Th t t d" th" per 1nent partla cross sectlons. e measuremen s repor e 1n 1s 

paper are in accord with the latter experimental results. The present meas-

urements at 10 MeV lead to the following conclusions about the applicability 

of the optical model with various form factors. An optical model that uses a 

volume-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 

t . . 15,16 . 
reac 1on cross-sectlon measurements. It has also been po1nted 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 

17 the ,pote;ntia1 should be eqt1aL 
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II. EXPERIMENTAL METHOD ~ -.. '.,. 

P . . h . h d 1• 8 • 12 h d'. . · rev1ous measurements us1ng t e. attenuatlon met o · . . , a 1n-,.· 

valved considerable amounts of accelerator time. Consequently the statis-

ical accuracy·and number of eLements measured were always smalL 

Another'method based on summing partial reaction. cross sections is prac.., 

tical only at- low bombarding energies. · It has been applied in a few .cases 1n 

which all of the reactions with appreciable cross sections have been 

meaSl,l.Fe:O.• 
7

' 9 • 
10 

. : r; r W~·lshall discuss a methoO. that• requires about 20 minutes to obtain the 

raw data ,for a· measurement with ---: 2.o/o statistical accuracy using a CW·, 60..., 

inch-cyclotr~m bea!TI. The 60-inch cyclotron produces a well-focused--beam·· 

of 24-MeV H 2 + ions outside the cyclotron shielding. Utilizing the cyclotr;en ' 

beam foi'. these measurements required several criteria to be met~ Fi':f!st of 

all, the 'Pe.am intensity 1
0 

used in.the e-xperiment is·very small; of the order 

4 -1 . . 
of 5X 10 -,sec ·protons. ·Several serious experimental problems arise when 

such ·a configuration is used with the 60-'inch cyclotron. First of all, it is 

har.d to keep .the beam constant at times, since the ion source must be run 

low anO. 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 to be bunched at low power 

levels, owing to the 360-c.ycle ·ripple in the radio-frequency power level. 

This effect can reduce the time when the beam is·on by a very la·rge factor 

at low powerlevels and increase the data-collecting time. Furthermore, it 

is r10t possible to use this arrangement at all in the case -of molecular hydro-

gen, where it is first necessary-to disrupt the molecular bonds and produce 

hyqrogen atoms. 

There are, of course, several ways to meet the difficuities 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 s:howmschematically 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, it was found possible to focus 

a l-f.L A beam through the collimator. This beam was incident on a scattering 

foil that for some measurements was a lead foil enric-hed in Pb
208 (LlE~l.O MeV 

for 12-MeV H+ ions) and a thorium foil of approximately the same stopping 

power for the rest of the measurements (see Table II). A heavy-element scat-

tering foil was chosen because the cross section at small angles is mainly 

c:oulomb elastic scattering, and therefore the number of undesirable low-en"" · 

ergy protons produced by(p.pv)reactions is reduced. In addition, the large cross 

section for coulomb scattering from heavy elements reduces the intensity re­

quirement on the cyclotron beam. The isotope Pb
208 

was chosen because the 

f . t . . t d . Pb 2 O 8 . f 2 6 M V d h £ . 1 t. 1rs exc1 e state 1n 1s at an energy o . e , an t ere ore 1ne as .1c 

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 ai: 15° can pass through a collimating system consist-

ing of two anti-wall scattering baffles and then through a 0.062-in.- collimator, 

placed 10 iin.-:: from the lead foil, followed 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 collimated 

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 absence of a magnetic· 

clearing field. A magnet placed close to the lead foil prevented the ele.ctrons 

(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- scattered away from the axis of the 

beam line, a 0.180 -in. -plastic scintillator collimator counter (counter. 2) was 

placed directly in frant of counter 3. Counter 1 and counter 3 output pulses 

were put into fast coincidence (..,.::::: 2 mtJ. sec). 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 m1-1sec, were put into antico-

incidence. By utilizing the time-of-flight separation resulting from the 22-in. 

. . . 208 
fhght path S, (p, p 1

) events from Pb can be reasonably well separated, since 

the first excited state yields 7.2-MeV protons., The·time·:.:.O'f::-Jlight re·;.· 

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

efficiency since o E/E ::::: ~'T J 2! ::::: 0.33, where E = 11 MeV, and m is the· 

proton mass. Some (P• p') events from other isotopes of lead in the enriched 

208 . 
Pb sca.ttenng foil cannot be removed, since the first excited states are 

closer to the ground state. In the case of the thorium scatterer, the {p,'p') 

cross section is almost negligible, since the coulomb barrier is high. In ad~ 

dition, slit-scattered ::Jarticles not removed by the collimation system may 

contribute 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 pla,ce of an .ordinary metal collimator; and all beam-tube 

dimensions we-re mad~ large enough to remove the possibility of wall scatter-

ing. Multiple coulomb scattering of the protons in counter 1 removed 85o/o of 
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the protons from the beam, 1. e. only l5o/o of the protons pas sin5 through 

counter l also pass through the 0.180-in. hole in counter 2. This means that 

the counting rate in counter 1 is about seven Lmes as high as in any of the 

other counters, c ' 1 Therefore it lirr.ited the counting rate in the experiment 

because, as mentioned above, if the counting rate is too high then the pulse 

height becomes unstable. 
5 -1 

The counter -1 countin6 rate was about 5 X l 0 sec . 

The coincidence rate for the kind of event l 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 .::>erfectly 

1,1niform beam, we could expect that in lo/o of the time two protons would pass 

through the apparatus in l rf burst and introduce a l o/o correction to the exper-

irr.ental result. Since in fact the beam does show some structure associated 

with the rf voltage (f = 360 sec-
1

) even under the best operating conditions, 

one would probably settle for a value of 1
0 

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 l and counter 2 is 

relatively flexible so that the assembly rr.ay be ali~ned with respect to the bearr. 

line defined by the bearr. spoLon the scattering foil and on the 0.062-in. calli-

mator preceding counter l. 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 cf the protons is striking counter 2, the 1 2 3 counting rate 

is greatly reduced. This effect allows accurate alignment. 

The monitor counter at 60? (see F\g.l) rec~ives some .scattered radiatiori'. 

The photomultiplier ·output is 'displayed on an oscilloscope triggered by the 
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60 -cycle main power so that the operator can view the gross beam structure 

introd,uced by the 360 -cycle modulation on the rf .voltage discus sed above. The 

operator can then readily optimize machine paramenters to obtain the best duty 

cycle available. 

Counter 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-CC:oulomb: scattered out of the bearri line in counter 3. Another 

very critical reason for having counter 4 will be discussed below. A metal 

collimator placed between counter 4 and tl;te target prevents backscattering 

from the target from cancelling out I
0 

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 1 2 3 4, and 

in what follows we ~nderstand that the intensity I
0 

represents the frequency 

of events of this kind, i.e. I
0 

= ,1 2 3 4. In the attuenuation technique utilized 

here the quantity I
0

-I is measured by placing counter 5 (see fig. 1) in antico­

incidence, i.e. I
0

-I = 1 2 3 4 5. The advantage of this kind of measurement 

over measuring I
0 

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:. 

las tic events occuring .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 

ft1ll energy E by an amount 6E =. 0.33E, oyving to slit $cattering and (p, p') 

events in the ~inority is.otopes 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 adjusted 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 

dete:rm ined to check that the low-energy-tail protons were indeed pas sing 

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 arrangerr..ent. Scattering through angles of this magnitude 

can appreciably increase the path length in the target and degrader. This 

effect is compensated for by delZreasing the amount of degrader that the proton 

·must 'Jass through if 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 rerr,oving the target and placing a "durr.rr_ y" 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 nurr, bers of i
0 

(= 1 2 

3 4) and i
0 

- i (:::::: 1 2 3 4 5) events are measured. 

Since elastic and inelastic scattering cannot in general be neglected, 

COUnter 5 £LUSt Subtend an. angle 8 large enough SO that the elastic scattering 
1T 

)'
8 

u el (8)d Q outside the angle 8
5

,[ where :u el (8) 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 cour..se 8
5 

is made as small as is 
N 8 

possible to reduce the inelastic contribution.') J 5 
u. (8)dQ, where CJ. (8) is ._ ___ , 1 1 

i = 0 0 
the differential inelastic cross section fc;r the excitation of the i th level of the 

target element, and the sum extends from the ground state up to the ~th state. 

Higher-lying states are excluded byth.e energy resolution afforded by the de-
. ~ ' ' . ·.· 

• • ~ .. . > '· 

grader. By u
0 

(8) we rr.ean the corr~pound elastic differential cross section. 
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When a "targe•t in" measurement fTo'' {· 10 ... Ii). and a ''durnmyin" measure­

ment (i
0

, i
0 

-i) are made, the energy of'the' p.rdton inCident on the degrader is 

the same in order that absorptive :effects in the degrader· will be exactly ·com-

pensated for. However, this has· the serious effect of changih'g th'e energy that 

the protons have when they are inCident on· counter 3 in the two confi'gurations. 

In the experiment, described' her-e, the energy incident on counter 3 was 10 MeV 

and 11 MeV in the two configurations, respectively. It turns out that the carbon 

elastic eros s section 19 shows an extraordinarily large resonance in· this energy 

region. Counter 4 in anticoincidence greatly reduces the effect of scattering 

out. However, the num-ber of protons scattered out at larger angle-s than the 

angle B4 subtended by counter 4 is still appreciable. The solid line in Fig. 2 

shows the value of the quantity 

1 
L; 

i=O 
CJ. (B)] dr.l = 11 

1 

averaged over the energy spread of the pr.otons passing through counter 3, plot­

ted against the energy} 9 The quantity CJ SE (B) is the differential eros s section 

for shape elastic scattering. ·These data1 ~re very comprehensive, so that the 

correction could be reliably made. As a check, however, the degrader was 

removed from counter 5, the tar get ~as removed, and the quantity (io -i)/io 

was measured as afun:Ctionof beam energy. The beam energy was reduced by 

the insertion of foils before the lead scattering foif. Squares in Fig. 2 shows 

the result of this measurement. Anticoincidence. events obtained in this con-

figuration are due to reactions or elastic scattering in counter 3. The obser-

vation of the position of the resonance in the cross section made a quick and 

reliable method to measure the beam energy. A quantity T)3 ~ (11t -T)d),is defined, 
.. :; 

whe.re :r}t a_nd; T)d :are_ the vC!.lues. ol Tl ,at differ.ene ~nergies for two configurations, 
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i.e., target-in and dummy-in. The scattering-out correction ,
3 

due to coun­

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

measurement. The experimental quantities r
0

, r
0

, -I, i
0

, i
0 

-i, and ,
3 

are 

related to the quantity of interest a R by th~ equation 

~( 10 - I l 10 nx 
-,3 n'x' 

nx 

1T ' 

/.:· a SE (B)dO Je . 
5 

a. (e) d rl, 
1 

where n is the target density; x, the target thickness; n', the counter-3 

density; and x', the counter -3 thickness. The quantity e
5 

is the angle sub­

tended by counter 5, and a SE (e) is the differential shape elastic-scattering 

cross section a el (e)-a 
0 

(61). Combining the results of this measurement and 

the elastic scattering data, 5• 19 • 20 • 21 we obtain the quantity 

r( 1 -!) ( i -i ) ~] 1T l I:nx - i~nx - ,3 f [a
5

E(e) + a 0 (e)] drl 
nx e5 

1T e5 N 
= a R - f (J 0 (e) d Q f ~ a. (e) dO 

0 0 i= 1 
1 

e N 
= a R - aGE 

J5 ~ a. (e) drl, 
0 i = l 

1 

where aCE is the compound elastic cross section, and aR is the reaction cross 

section. 

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

be reduced but aGE remains. It may be large compared with the value of a R 

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 correction may be ve~yJarge. Since the inelastic-scattering term can 

be estimated from inelastic -scattering data, 
23 th~ extracted quantity is (J R- (J CE' 

the nonelastic eros s sectiop.. It should be noted that optkaL-model calculations 

generally predict (JR. 

Figure 3 shows a schematic diagram of. the electronics .. As high gain and 

good time resolution were needed, the RCA-7264 photomultiplier was .chosen. 

for counters 1 and 3 .. For the other counters, the RCA-6810A photomultiplier 

was used. At high counting rates (;::: 10
5 
/sec) pulse-height fluctuations may 

occur in counters 1 and 3 owing to high-current phenomena. This problem 

was solved by providing voltage to tlle last five dynod~s and the anode directly 

through cathode follower$. 

The p~lses from_ co.unters. 1 and 3 were amplified with wide~ band amplifiers 

and put into a V(enzel fast coincidenceunit (CCl): 
25 

Using 10-inch clip lines and 

large input pulses (3 volts) made it posSible to obtain 2 ffifJ.SeC resolving time, 

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

pulses (6 volts) .. To accomplish this, a tunnel diode discriminator 
18 

produc-

ing a constant putput ·pulse was used on all pulses for anticoincidence .. The tunnel 

"~diode discriminator unit differentiates the incoming pulse and fires on the zero 

crossover point. this eliminates, to a large· extent, the characteristic time 

jitter of the usual fast discriminators and preserves good time resolution. Three · 

coincidence units called CCI, CC2,. and CC3 (see Fig. 3) were needed to accom-

modate the anti-pulses .. The output of CCI was fed into CC2 and the CC2 output 

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

possibility that nois·e would trigger ;the circuit'. A slower -resolving time was 

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

carried through these units ... Scaling the output of CC2 g:ives 1 2 3 4 or 10 , and 

CC3 gives 1 2 3 4 5 or 1
0

- I. The:output of CC3 was used also as the gate pulse 

for a fast linear gate unit. 
26 

A fast linear putse ·from counter 5 with appropriate 
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delay is fed into the linear gate. If the gate. is open this signal is further 

amplified and 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 thoughno linear signal from 

counter 5 was coincident with it. The resulting peak in the pulse-analyzer 

spectrum is named the "miss peak. 11 

The counter -5 tunnel diode discrimator is adjusted so that any pulse 

height below the full-energy peak, height will gLve rise to a CC3 output pulse. 

A sample spectrum is shown in Fig. 4. The rriiss 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 1 ~ 6.5 MeV. 

In Fig. 4, events in channels 15 to 24 are inelastic events (6.5 MeV~ Ep1 ~ 

7.4 MeV).. The events above channel 24 include inelastic events with outgoing 

proton energy :::;::.7.4 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 system is capable of separating out only protons with 

energy ~ 7.4 MeV (see discussion of time -of -flight 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 electronics, an experimental procedure was followed 

that minimized the check-out time and 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 2, 4, and 5 were then set as low as 

possible. Antidiscriminator curves were then taken. 
;,..- .. The number of counts 

in the miss peak for a fixed I
0 

value was plotted against the CCI, CC2, and 

CC3 10 -Me dis criminator settings to ol:tain~CI.iscriminator curves. Experimen-

tal parameters were care(lflly adjusted in order to obtain flat anticoincidence 
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discriminator plateaus. With the CC discriminators set at the values obtained, 

the number of counts in the miss peak for a fixed I
0 

value was measured as a 

function of counter -1 delay time (see Fig. 5). The minimum occurs at a rel­

ative delay of approximately L8 mf.Lsec; ' If the delay is decreasedp a rise in 

the number of counts in the miss" peak for I
0

= 2 X 1 o
6 

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

sequently they may fire the Io circuit and cause a count in the miss peak even 

though the delay setting is unfavorable. Secondly, elastic, inelastic, and 

(p, q) events (where q .is a charged particle) that occur in counter 3 may con­

tribute. Such an event is counted most efficiently at short delays and o'f course 

C·:)r::.tributes to the miss peak. This is due to the early firing of the coincidence 

circuit by the large pulse from 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 counted 

most efficiently at longer delays. 'Low-energy protons contribute relatively 

more counts in the miss peak, The minimum in this curve, then,· is 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 measurements on Be, Cu, Ag, and Au targets are 

listed in Table I. T:ar get ;thi,c_lsn~~$;e;S:.:.<¥"~ adjusted to be 1 MeV thick. In order 

for the contribution of the error due to counting statistics to be comparable 

to or smaller than contributions due to other sources of error p it ;was neces­

sary that I
0 

::::: 2 X 10 7 . For the Be target, the resulting statistical uncertainty 

in the reaction· :cross -section measurement is ah.@ttt Lo/o, wher~as 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 
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these targets. 

The counter 3 correction · ,
3 

n 'x' /nx varies in importance. For a Be target 

it i~ a 0.2o/o correction at 10.12 MeV and a correction 3.5o/o at 9.90 MeV; where­

as for Ag, it is 0.7o/o at 10.12 MeV and lOo/o at 9.90. Fortunately it may be 

obtained accurately by the method outlined above. The :values of cr, 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). 

Tab~-e$ II(a) and II (b) are a summary of data obtained. The raw cross sec­

tions, u (some of which ar·elisted in the last column of Table I), are listed in 

the second column. In the third column the el:astic corrections are listed, 

and reference numbers to the data used to make the corrections are given. 

Wherever experimental data on elastic scattering were available, they 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 

extrapolation 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. Schwart·z 

has used the results of the Fernbach- Bjorklund optical-model analysis 
15 

to 

obtain these results. The same situation obtains for the inelastic scattering 

23,24 
data at the angles subtended by counter_ 5. However, the correction 

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 very large. Therefore, although we measure CJ with a statistical 

accuracy of about 2 o/o, we know CJ R -CJ CE only to about ± 40o/o for these heavy 

elements. Thus it is difficult to measure cr R- cr CE fo~ h~avy elements with 

good accuracy at 10 MeV. We may use cr for heavy elements, however, as a 
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check on the reliability of our results, since elastic-scattering da~a exist for 

Au in. particular, and show ,that ~las tic- scatte;ring r:orrection -is p.early equal 

to the correction tha~ would obtain f~r coulomb scattering from ,a pQiq.t charge. 

Thus the sum of th_e _elastic, correction and the optical-model value for <JR 

From the work of Fern bach and Bjor~lund 1 s, should be quite close to the cor-

rect valu~ for. this quantity, s·ince ,deyiations in ,.<JR from th~ qptic9-l-model 

value will cause sm,all errors .. in the sum o£ .these two quantities .. , -.Our meas-

ured values of <J for Au agree, within the statistical uncertainty o.f 2%, with 

the theoretical value. 

In Fig. 6 the prec;licted rear:tion cross sections <JR at 10 MeV .for a surface 

absorption potentia1
15 

tP,at fit the elastic-scatte.ring data are plotted .. Also 

plotted_.are the measured values, ~f <J R:'" q- GE' ,The agreement with the results 

from the s.urface-absorpti.on r:rfpdel is ql;lalitatively g.oodJor. A 
2

/
3 > 16,. although 

the _measured values ten<;i to b~ s.yste~(iticaUy larger ... The. s.olid and. dashed 

curves represen.ting thE? optical"model prediC,t~~HlS. show the change in. the eros s 

section resulting. fro~ the beam, _energy difference on tlJ.e. two experin;ental 

runs when the data yvere collected. The··experimentalpoints sy~tematically 

reflect a similar difference .. For A 
2

/ 3< 16, tr1.e strong :t;ninim.a. near Ni anq G 

cause large deviations fr,om the predictions, but it should he emphasized that 

we measure <JR- u CE' It .is quite possible that these deep minima may be due ~ 

to resonances in <J CE n:ear Cand Ni .. Such Cl.n interpretation,.of neutron reaction 

28 
cross -,section data has been sugg,ested by p.erey. , At 10 Mey,_ <::; is certainly 

expected to have a large cross section for <J CE' Because of the high {p, n) 

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

29 
state,· are ~ppreciably populated }rorr1 ·the,_ compound nucleus at 10. MeV. . 

One expe.cts .these states to. be roughly of equal, in,tensity,. thus ~xplaining the 

deep minimum we get in <J R- <J CE for G .. 

,,£..::-. ' ~ ;, 
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An alternative viewpoint, that the minimum in the vicinityof Ni is asso-

ciated with CT R' cannot be ruled out. This would imply that the nuclear area 

presented to the projectile shrinks by about 120/a in the v~cinity of the proton 

closure at 28 protons, or a size resonance occurs. 
10 

Measurerr,ents of 40-

MeV alpha-particle reaction cross sections (soon to be reported) also show 

a minimum near Z = 28. This tends to support the viewpoint that th~ nucleus 

shrinks there, since u CE should be insignificant at 40 MeV for alpha parti­

cles and size resonances should have a small effect. 

Figure 7 showsc: the predicted range of values for the reaction cross section 

by use of a Woods -Saxon potential (volume absorption) adjusted to fit the elastic-

scattering data. The experimented reaction cross section is not inconsistent 

with the upper limit predicted by volume absorption. Note in Fig. 7 that the 

calculations were for specific elements. 
3

• 30 As an example, the range of 

reaction cross sections predicted as in Fig. 7 in the vicinity of A
2

/
3= 16 

should be compared with the Cu data point and not with the experimental 

2/3 measure.ments for nearby elements. For larger values of A the shaded 

bar represents only regions where good fits could be obtained and does not 

necessarily represent limits of u R. Although greatly restricting the sets of 

paramete~s.that one may use, the CTR data have not yet enabled one to choose 

between surface and volurr:e absorption. 

Figure 8 is a plot showing all the experimental data available near 10 MeV 

plotted as a function of A 
2

/ 3 . The agreement between the trend of the data of 

9 10 Albert and Hansen, of Wing and Huizenga, and our data is satisfactory. 

The reaction eros s section measurements for Cu at about 9 MeV are also P'lot­

ted. 
8

• 
12 

These have been measured by the attenuation technique. These values 

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 been pointed out eal-lier that reaction cross sections near the bar-

rier height sho'uld he p;,;_rticU:l~~-ly ~'ensitive tba!re shape'.'6£ the·,6ptical~mo.del 

potential. It is in the vicinity-~£ A. 2 / 3 =24 th~t the eros s sections reach a max­

imum and the.refore the se~sl.tivity to changes ln o'ptical parcirrieters' is maximized 

in this region. There appea-~sto be a: s'ystematic deviatio'n 'b~tweeri current 

optical-model calculations and our measured reaction cross sec'*ions in this 

region. 

'' 

'·: .. 

·.';; . 



Table I. The experimental quantities obtained in the .mea~urement of 0' R - (}' cE· The column heads are 
. . . . . . Io - I 10 - 1 I I 

defined in the text, except (}'' which is - 113 ~. . . n x 
I
0 

nx i
0 

nx 

. - ·- . - . ·-····- ..... ,._ .. 

Beam Element Target Io I - I io io - i I 11 n'x' nxO' (}' 

energy thickness 0 0 3 

'i. 

MeV (mg/cm 
2
) :(Xl o6 ) (Xlo

6 ) X -3 ( 10 ) (mb) 

10.15 Be 23.57 20.115 34007 20.000 14466 +45 1.0171 672 

. 9.93 Be 23.57 20.000 31921 20.000 12152 -754 0.9507 605 

'1 0.12. 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 43.0~ 20.516 21239 20.000 14466 +40 0. 3:t25 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 

9.90 Au . '54.46 20.000 22840 20.000 12162 -762 . 0.4958 2952 

-·-,,. 
Average of four runs. 

...... 
...0 

I 

c::: 
0 
!:l:J 
t"' 
I 

...... 
0 
N 
CXl 
...... 



Table II (a). The raw cross section CJ, the elastic-scattering correction, inelastic-scattering correction 

CJR- CJ CE' and the lab energy at the center of the target. A lead scattering foil-enriched to 94o/o Pb
208 

is 

used in these measurements. 

Energy 

f. lT [ as E (e) + a o (e)] dn 

e :: 60.2° (lab) 
.5 . 

(MeV) (mb) (mb) 
. ,· 

Be . .10.15± .47 672± ·10 89± 5 

c -10 . .16± .46 618±·. 1} 286± r419 

" 5 
Al 10.12± .50·. "'.797± ·24 190± .10. ~ .. 

Au ) 0. 12 ± . 50 . 3068±· 59 2895± 89
5 

Cu 10.12± .50.· . 1000± 41 215± 11 5 
' ·-·' .. 

193± 1020, 22 Zn 10.12± .50 .. 994±. 41 

Ag 10.12± .50 1312± 57 630± 32
5 

.. . . 

Ni 10.14±" .48' 834± 40 223±11 5 
·•.· 

. 562± 42 27 
Rh 10.14±.48 1303± 57 

.. 

483± 37
22 

Nb 1Q . .17± .45 U72± 57 

Ti. 1 0 .. 22± .40' '902± 43 116± 920 

Fe 10.20± .42 853± 45 . 148± 11 
20

• 
27 

Ta 10.20± A2 2508± 119 2179±164 
27 

Sn 10"'21± . .41 1522± 72 803± 40
5 

-·-
Zr~ 72: 453± 45 

,,, 

10.25± .37' 1233± 

>:<Estim~tes from interpolation of other data. 

f
e5 'N6o.2° (lab) 

.r a 1 (e)dn 
i= l 

0 . -

(mb) 

8.0±. 8 24 
.. i:.. .,.. 

0· 

97± 1023. 

'~ 
0 

31± 323 

49,± 523 

.7± 123 

89± 923 

10± 5 * 
..._ .,, 

15± 5 

44± 423 

54± 523 

-·-.,, 
2± 1 ., 

4± 
' 23 
1 

-·-......... 
20± 5 

(rnb) 

663± 14 

332± .. -19 

704± .2a 

173±107 

81p±. 43 

850::1;· 43 -
689± 65 

'700± 42 

75i± 71 

703± 68 

830'± 44'' 

759± 47 

331± 203 

723± 82 

800± 85 
.. 

I' 

N 
0 
I 

..... 
0 
N 
00 ..... 



Table II (b). The raw cross section CJ, the elastic-scattering correction CJ R- CJ CE' and the lab energy at 

the ce_nJer of the target. A thorium scattering foil was us.ed in these measurements. 

Energy 

(MeV) 

Be 9.93± .47 

c 9.94± .46 

Al 9.90± .50 

Au 9.90± .50 

Cu 9.90± .50 

Zn 9.90± .50 

Ag 9.90± .50 

Ni 9.92± .48 

Nb 9 .95± .45 

Ti 9.99± .41 

Fe 9.97± .43 

Ta 9.98± .42 

Sn 9.99± .41 

Zr 10.03± .37 

Mo 10.03± .37 

Th 9.98± .42 

Pb 9.92± .48 

v 9.96± .44 

(mb) 

605± 10 

- 50A± 13 

744± 24 

2952± 58 

940± 41 

883± 41 

1258± 57 

766± 40 

1161± 57 

887± 43 

820± 45 

2496± 119 

1374± 72 

1197± 72 

1168± 72 

3550± 108 

3266± 100 

1082± 40 

(mb) 

-5 
92± _5 

275± 14 19 

185± 10
5 

2790± 86
5 

2.16± 11
5 

203± 10
20

• 
22 

603± 30
5 

220± 11
5 

453± 36
22 

114± 9
20 

146± 11
20

• 
27 

2110± 160
27 

768± 38 
5 

'::: 
424± 42 

467± 47 
:::::::: 

-·-
3615± 108 

-.-

3050± 11 o':' 

320± 48>:< t 

t
':'Estimates from interpolation of other data. 
e5 = 48.6°. 

(mb) 

80± 823, 24 

029 

97± 1 o23 

:::::::: 

0 

31± 3
23 

49± s23 

7± 123 

89± 9
23 

'15± 5>:< 

44± 4 
23 

54± s23 

-·--~ 
2± 1 

4± 123 

20± 5 

0 

0 
-·­.,-

>::::: 

uR-uCE 

(mb) 

59 3± 14 

229± 19 

656± 28 

162± 104 

755± 43 

729± 43 

622± 64 

635± 42 

723± 68 

817± 44 

728± 47 

388:;1:: 195 

610± 82 

793± 83 

721± 86 

-65± 153 

216± 148 

78 2± 62 

I 
N ,_. 

c: 
0 
!::0 
l' 
I ,_. 

0 
N 
00 ,_. 
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Figu;re Captions 

Fig. 1. Schematic diagram of the experimental area. 

Fig. 2. Beam energy calibration curve. The solid curve and the symbol 411 

represent the Japanese elastic scattering data 19 suitabiy integrated ,over 

the energy loss in counter 3. The symbol rpreprese~ts the experimental 

points from this work. 

Fig. 3. Schematic diagram of the electronics. 

Fig. 4. Counter 5 pulse-height spectrum. 

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

indicates the position chosen for the runs. 

Fig. 6. Proton (J R- (J CE around 10 MeV: ! - the experimental points at 

10.1 to 10.2 MeV, '-the experimental points at 9.9 to 10.0 MeV. The 

solid and dashed curves are the theoretiCal ,predictions of (J R at 10.1 and 

9. 9 MeV, using an optical model with surface ab.s:orption. 9 ' 15 

Fig. 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 

Fernbacp:; and ~. range of values predicted by the Woods-Saxon potential 

(volume absorption) as calculated by Glass gold et al. 3 · and Nodvik and Saxon. 
30 
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Fig. 8. All experimental data in -the ne'gion of 10 MeV plotted as 

function of A 2 / 3 : 

-~ 2 ~es,ults pf ~llis exper~rh~nti 
~ ~rpf!l ~l])er~. ~,n,d,I-;Jaris~n (p, _n,-)

9 a~dM~y~r: a,n~ Hint~ (p, R;) ;
7 

,, . __ _ 

_ "- fr?m :Wihg and HuizengCl. (?, n) 
10 an~ Meyer ~nd Hip.tz (p, q); 

7 

. f from Greenlees and ;arvi s; 
8 ~ from Car Is on "' a!; 

12 
and , , 

I from Nagahara. 

. .. ;· 

. ' . ~· ' 

. . . ...... 
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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 co~tained 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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