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22-min Au decay, but it would leave open the question 
of the energy and the decay of the expected low-lying 
3 / 2 + state in the same Au isotope. 

The incompleteness of the experimental results given 
above and the unanswered questions call for additional 
experiments. The decay of 22-min Au201 can be studied 
more precisely and in more detail. In particular, the 
relative beta intensity and the possible presence of lower 
energy gamma rays could be found. Furthermore, 
shorter bombardments and more rapid chemistry might 
give information about an isomer in Au201 analogous to 
those occurring in the other odd-mass Au isotopes. 
These investigations would not only give interesting 

L INTRODUCTION 

RECENTLY several authors1-11 have reported on 
measurements of proton-reaction cross sections at 

energies equal to or less than 11 MeV. In several of the 
publications,1-9 the experimental results have been 
compared with theoretical-reaction cross sections given 
by an optical model with parameters obtained from 
fitting elastic scattering data. Theoretical calculations 
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information about Au201, but they would also contribute 
to knowledge of the puzzling level structure in Hg201. 
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of the reaction cross sections have assumed both sur­
face and volume absorption. 

The experiments measuring the total-reaction cross 
section are of two basic types. One method (hereafter 
referred to as method 1) consists of summing all partial-
reaction cross sections such as (p,xn), (p,y) and (p,q) 
cross sections, where the (p,q) cross section includes all 
the inelastic charged-particle emission processes. This 
method neglects the compound-elastic scattering cross 
section. In a more recently developed method (here­
after referred to as method 2) the reaction cross section 
is measured by direct attenuation of the incident beam 
intensity.9-11 

In the determination of reaction cross sections by 
method 1, accurate values of the individual cross sec­
tions are desired in order to keep the sum of the indi­
vidual errors to a minimum. The (p,xn) cross sections 
reported in the literature have been determined by 
activation measurements and neutron counting. At 
proton bombarding energies where the (p,2n) threshold 
is exceeded, the conversion of the neutron counting 
rate to cross section requires information on the com­
petition between the (p,n) and (p,2n) reactions. Some 
of the published cross-section values from the neutron 
counting technique are based on calculated estimates2 
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(p,n) cross sections were measured by the activation technique in the energy range 5 to 10.5 MeV for the 
target nuclides V51, Cr52, Cu63, Cu65, Ag107, Ag109, Cd111, Cd114, and La139. Approximate proton reaction cross 
sections were obtained at energies below the (p,2n) threshold by adding to the (p,n) cross sections the pre­
viously reported charged-particle-emission (p,q) cross sections. These results are compared at a few ener­
gies with volume absorption and surface absorption optical-model calculations of the proton reaction 
cross sections. 
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FIG. 1. Schematic diagram of target assembly (not drawn to scale) with the target holder enlarged many times at the right. 
Distance between apertures: 1J in. Second aperture to target foil distance 3J in. 

of the (p,2n) competition rather than experimental 
results. On the other hand, cross-section measurements 
made by the activation technique require accurate 
information on the decay schemes of the residual nuclei. 

The present paper reports (p,n) cross sections for 
several nuclei in the energy range 5 to 10.5 MeV 
measured by the activation technique. The targets 
Ag107, Ag109, Cdm, Cd114, and La139 were chosen because 
the (p,y) and (p,q) cross sections are expected to be 
small in the above proton-energy range. Therefore, at 
energies below the (p,2n) threshold, the (p,n) cross 
sections of these nuclei give a good estimate of their 
total reaction cross sections. 

The (p,n) cross sections of Cu63 and Cu65 were re-
measured since conflicting values of these cross sec­
tions have appeared in the literature.2 It is important to 
obtain reliable values of these cross sections since one 
of the principal justifications for a surface-absorption 
term in the optical model is the large value1,2 of the 
total-reaction cross section reported for copper. 

II. EXPERIMENTAL PROCEDURE 

The (p,n) reactions were studied with the Argonne 
60-in. cyclotron which accelerates molecular hydrogen 
to an energy of 21.3 MeV. A schematic diagram of the 
target assembly is shown in Fig. 1. The H2

+ beam from 
the cyclotron was first passed through a 0.001-in. Al 
stripping foil. The resulting H+ beam with an energy 
of about 10.5 MeV was passed through a bending mag­
net in order to separate the deuteron contamination 
in the primary beam. The proton beam was collimated 
with two apertures. A sleeve surrounded by a magnet 
was placed between the second aperture and the target 
to collect electrons which are back scattered from the 
target. The average current on the target was kept at 
1 MA or less in most of the bombardments. A piece of 
filter paper which was placed behind the targets served 

to indicate the beam position and area. The total num­
ber of protons striking the target was measured with a 
Faraday cup and a vibrating reed electrometer, the 
output of which was fed to an integrator. Preceding 
every bombardment, a trial run was made with a 
dummy target which was insulated from the target 
assembly in order to make sure that the currents on 
the second aperture and sleeve were small and that the 
beam was well focused. 

The mean range of the protons was measured in each 
experiment by the aluminum absorption technique. 
The measured mean ranges were converted to proton 
energies with the range-energy relationship of Stern-
heimer.12 The emergent beam of protons (10.5 MeV) 
has an energy spread with a full width at half-maximum 
intensity of about 0.1 MeV. 

The targets of V, Cr, Cu, Ag, and Cd were metallic 
foils of approximately 5 mg/cm2 thickness. The La 
targets were prepared by volatizing lanthanum metal 
onto 0.0005-in. Al foils. The weights of the La targets 
were determined after completion of the counting by 
spectrographic analysis. The reduction in proton energy 
was accomplished by placing metallic absorbers of 
known thicknesses in front of the target foils. The range-
energy relationships of Sternheimer12 were used for Al, 
Cu, and Ag. The range-energy relationships for V and 
Cr were assumed to be equal to Cu and that for Cd 
equal to Ag. In a few runs V, Cr, Cu, and Ag foils were 
bombarded together in order to cross check the results 
(one run included La). Many of the bombardment 
assemblies included, in addition to the target ma­
terial, a Cu foil. The Zn65 activity produced by the 
Cu65(^,w)Zn66 reaction was used to give a direct com­
parison between the (p,n) cross section of Cu65 and the 
other target materials. One bombardment was made 
with stacked foil targets of Bi209 (evaporated onto Al), 

12 R. M. Sternheimer, Phys. Rev. 115, 137 (1959). 
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TABLE I. Decay properties of product nuclei. 

Target 

V " 

C r 5 2 

Cu63 

Cu6 5 

Ag107 

A g109 

Cd111 

Cd114 

Cd114 

La139 

Product 

Cr5 1 

Mn 6 2 m 

Mn52» 
Zn63 

Zn6 5 

Cd107 

Cd109 

In111 

In114m 

In114* 
Ce139 

Half-life of 
product 

27.8 day 

21.3 min 
5.6 day 

38.3 min 
245 day 

6.7 h 

470 day 

2.81 day 

50.0 day 
72 sec 

140 day 

Radia t ion detected 

325-keV 7 

1.43-MeV7 
1.43-MeVy 
/3+, 511-511 keV y's in coincidence 
1.12-MeVT 

95-keV T 

88-keV T 

247-keV 7 

/T of In114*? 

r 166-keV 7 

Pertinent decay scheme information* 

9%E.C. to 325-keV level; 
e/y=: 0.0015 

99% /3+ 

65%E.C. ;35%/3 + 

93% 0+ 
49% of the total disintegration decay 

to 1.12-MeV level;b e/T = 2XlO-4 

>99% E.C. to 95-keV level; 
O:K = 9 . 5 ; K/(L+M) = 0 .88;VY = 20.3 
100% E.C. to 88-keV level; 
«x=10.3; iT/(L+lT) = 0.84; e/7 = 22.5 
100% E.C. to 247-keV level; 
ax = 0.054; i r :Z :M = 59:10:2 
96.5% I.T. to In114* 
9 8 % / r 
100% E.C. to 166-keV level; 
ax = 0.22; K/(L+M+N) = 5.7 

a See reference 14. 
fa This value is based on the measured value of the (K capture to 1.12-MeV level/total K capture) ratio of 0.50±0.02, 1.7 % positron branch, and the 

assumption that the (i£-electron capture/total electron capture) ratios for the ground and excited state decay are equal. 

Ag, and Cu in order to check previously measured cross 
sections13 of Bi209 and to compare the cross sections of 
these targets. 

The (p,n) cross sections were determined by an abso­
lute measurement of the disintegration rates of the 
reaction products. The foils were counted without 
radiochemical separation since interfering activities 
were negligible. The loss of reaction products by recoil 
was very small in our experimental arrangement and 
neglected in the computation of the cross sections. In 
most of the measurements a characteristic gamma ray 
of the reaction product was counted, and in many cases 
the activity further identified by a half-life determina­
tion. The principal features of the decay schemes14 of 
the reaction product nuclei are summarized in Table I. 
The characteristic radiations which were counted for 
each nuclide are also listed in Table I. 

The photopeak intensities of the various gamma rays 
were measured with a 3-X3-in. Nal(Tl) crystal and a 
256-channel pulse-height analyzer. The product of the 
absolute crystal efficiency and the photopeak-to-total 
ratio for each of the different gamma rays was obtained 
from the compilations of Heath15 and Lazar.16 Correc­
tions were made for the escape-peak probability, self-
absorption in the target foil, and absorption in the 
detector window, although these corrections were small 
in all cases. 

An independent calibration of our detector arrange­
ment was made for 1.12-MeV gamma rays [gamma rays 
of this energy were detected for Zn65 produced in the 

13 C. G. Andre, J. R. Huizenga, J. F. Mech, W. J. Ramler, 
E. G. Rauh, and S. R. Rocklin, Phys. Rev. 101, 645 (1956). 

14 Nuclear Data Sheets, National Academy of Sciences (Na­
tional Research Council, Washington, D. C , 1960); Strominger, 
Hollander, and Seaborg, Revs. Modern Phys. 30, 585 (1958). 

15 R. L. Heath, Atomic Energy Commission Report IDO-
16408, 1957 (unpublished). 

is N. H. Lazar, Trans. IRE NS-5, No. 3, 138 (1958). 

C u 6 5 ( ^ ) Z n 6 5 reaction]]. The disintegration rate of a 
Sc46 sample was determined by counting its beta par­
ticles in a 47r gas-flow proportional counter. By utilizing 
the known decay scheme14 of Sc46 (approximately one 
1.12-MeV 7 ray/dis), the photopeak detection effi­
ciency of the 1.12-MeV y rays was directly established. 
This measured efficiency was in good agreement with 
the value determined from the above compilations. 

The ft+ and /3~ activities of Zn63 and In114, respec­
tively, were counted in a gas-flow proportional counter. 
In the determination of the yield of Zn63 for a number of 
the bombardments, a second counting technique was 
employed. The two 511-keV y rays resulting from the 
annihilation of the positrons were detected in 2J-X2J-
in. and 3-X3-in. Nal(Tl) crystals, and analyzed and 
recorded by a coincidence counter. Single-channel 
analyzers were used to select the annihilation radiations, 
and the pulses from coincident events were added and 
fed to a discriminator which triggered for sum pulses 
above a fixed energy. The counting efficiency of this 
counter for positrons was calibrated with a Na22 

standard. The counting efficiency of the proportional 
counter for the positrons of Zn63 was determined from 
the coincidence counting of the 511-keV annihilation 
gamma rays of Zn63. The counting efficiency of the (3~ 
particles of In114 was established with Y90 and P32 

standards. 

III. CM) CROSS SECTIONS 

Our experimental values of the (p,n) cross sections 
for target nuclides V61, Cr52, Cu63, Cu65, Ag107, Ag109, 
Cd111, Cd114, La189, and Bi209 bombarded with protons of 
energy between 5 and 10.5 MeV are summarized in 
Table II. These (p,n) cross-section values along with 
values from other experimenters are plotted as a func­
tion of proton energy in the laboratory system in 
Figs. 2 to 10. In the figures, the experimental techniques 
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of activation analysis and neutron counting are desig­
nated by (A) and (N), respectively. The (p,2n) 
threshold energies are indicated on the figures by 
labeled arrows. 
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sections are included in Figs. 2 to 10 for selected proton 
energies. The sources of error include uncertainties in 
the integrated beam currents, target weights, counting 

1000 

500 

200 h 

100 

50 I 

20 

10 

5 

2 

I 

0.5 

0.2 

0.1 

i—•—i—•—i—•—i—»—i—«—r 

Present work (A) 
| A Linder and James (A) -

D Boehm et al. (A) 
X Taketani ond Alford (A) 

• Present work (A) 
A Under and James (A). 
• Boehm et al. (A) 

6 7 8 9 
PROTON ENERGY (MeV) 

10 

FIG. 3. Excitation functions of Cr520,»)Mn62m 

and Cr52(^,»)Mn62*. 

1000 

900 

800 

700 

600 

500 

z 
o 

400 h 

w 300 h 
tO 
to 
o 
or 
o 

200 h 

100 

h 

\— 
| 
-
~ 
~~ 
~ 
~ 

~ 

~ 

l>~ 

i-

T 

0 
0 

+ 
A 

A 

• 
X 

j 

1 ' 1 » 1 ' 1 ' 

C u 6 3 (p, n) Z n 6 3 

Present work (A) 
Howe (A) 

Bloser et ol. (A) 
Taketani and Alford (A and N) 
Albert and Hansen (N) 

Johnson et al. (N) 
Schiffer and Jones (N) 

I 

o°a 

4-] 
4-f 

JL 
a 9 
i 

A 
•• 

4-
lei i 1 i 1 i 1 i 

1 ' 1 ' 

— 
* Meadow (A) -
• Ghoshal (A) — 

-
_ 

f : 

D 1 i 

1 
-

— 

- i 

1 , 1 , 

6 7 8 9 
PROTON ENERGY (MeV) 

10 

FIG. 5. Excitation function of Cu63(^,w)Zn63. See the note 
added in proof at the end of Sec. III . 



(p,n) CROSS SECTIONS F R O M 5 TO 10.5 MeV 285 

z 
o 

CO 
CO 
O 
or o 

w u 
9 0 0 

800 

700 

600 

500 

4 0 0 

3 0 0 

2 0 0 

i n n 

_—1 

-

-

" 

4 

• 

— • • J 

'" I ' • " 

C u 6 9 

+;: 
• 

-• • + • 
> 

•• 
• 
f 

L — J 1 

r _ 
(P. 

| 
-+ 

A 
o | 

1 _ 

-r— 

n) 

CD 

~1 

2 

0 

—1 

• i | . i 

, 6 5 

°<i°T 

O Present wor 

• S h o r e , W a l l , 

+ B l a s e r et a l 

' * i 
—] 

j 

- i 

-

k ( A ) 

and I r v i n e (A) 

( A ) 

X S c h i f f e r and Jones ( N ) ~~ 

• Johnson et a l . ( N ) 

A A l b e r t and 

i 1 . L_ 

Hanseo ( N ) 

a 

. , 1 . 1 

Z 

o 
r~ 
o 
UJ 
co 

co 
CO 

o 
rr o 

z 
o 
V-
o 
UJ 
CO 

to 
CO 

o or 
o 

4 5 6 7 8 9 10 
PROTON ENERGY (MeV) 

FIG. 6. Excitation function of Cu65(^,«)Zn6fe. 

1000 
800 

600 

400 

200 

100 
80 [-

60 h-

40 h 

20 

10 

-T 1 < 1 > 1 1 1 1 1 ' 1 

• C d l , 4 ( p , n) I n , , 4 m
 e ^ii4 »* Present work (A) o Cd"4 (p, n) in"4* 

A Cd,l4.(p,n) In l l 4 m Bloser et al. (A) 

6 7 8 9 
PROTON • ENERGY (MeV) 

FIG. 8. Excitation functions of Cd114(£,w)In114w 

and Cd114(£,«)In114". 

efficiencies, counting statistics, conversion coefficients, less for most of the targets. The uncertainty in the pro-
decay branching ratios, and half-life values. The total ton energy at 10 MeV is about 0.15 MeV and increases 
error in the cross sections are thought to be 10% or to approximately 0.5 MeV at 5 MeV. 

o 
UJ 

o 
or 
o 

VJKJU 

8 0 0 

6 0 0 

4 0 0 

2 0 0 

100 

8 0 

6 0 

4 0 

20 

I A 

„ 

-
~ 

-

' 1 ' 1 ' 1 

A g 1 0 7 (p, n) C d 1 0 7 

O present work ( A ) 

• B l a s e r et a l . ( A ) 

.+ 
je 

• A 

• A 

•A 

4r 
*S 

.* 
6 

• 0 
•A" 

• 
i 1 . i i 1 

•t 

Ag 

A 
A 
• 

1 ' 

o 
O A 

1 0 9 (P. n 

Present 

B l a s e r 

Johnson 

i 

1 • I • 1 

—1 

A 

A 
~H 

A 
, cd109 i 
work (A) 

• t a l . (A ) J 

et a l . ( N ) 

5 _ 

if 
< 

1 i i i .i .1 
6 7 8 9 

PROTON ENERGY (MeV) 
10 

o 
rr 
o 

8 0 0 

6 0 0 

4 0 0 

200 

100 

80 

6 0 

4 0 

20 

in 

-

_ 

— 

-

• 

• i 

Cd1" 

C d " 4 

• 

• 

• 

o 
-j L 

(P.n)ln"! j 

(P,n) in ' l i i 

J o 

• 
• 
1 t 

... .! 1 ...1 

1 ' 1 

o Present 

• Bloser 

m + g) 

A /+ 

I , . . I -t 

work 

et o l . 

o 

\ i 

(A) 
(A) 

^<To" 

1 t , 

^ -' 

e 
CSJ 

ex 

O 

uT 

J 

—1 

— 

-

A 

\ 
1 

J 

_ H 

FIG. 7. Excitation functions of Agm(p,n)Cdm 

and kgm(p,n) Cd109. 

4 5 6 7 8 9 10 
PROTON ENERGY (MeV) 

FIG. 9. Excitation functions of Cd1140,rc)In114<w+<?> 
and Cdm(p,n)Inll\ 



286 J . W I N G A N D J . R . H U I Z E N G A 

2 
O 

W W 

5 0 0 

2 0 0 

100 

50 

20 

10 

5 

2 

i 

-—-,-

-

r 

-

i 
La 

o 

• 

o 

- 1 j 1 1 1 j -

3 9 ( P , n ) Ce13* 

Present work (A) 
Blaser et al. (A) 

1 ^ 
o 

I 
" l 

-i 1 i 1 . L 

— , j — 

o 

c 

CL 

_J_L_ 

- , j r 

4-

J I L_ 

_ 1 

-
--
— 

-

-

~ 

-

• - H 

"J 

4 5 6 7 8 9 10 II 

PROTON ENERGY (MeV) 

FIG. 10. Excitation function of La1390^)Ce139. 

The experimental methods used by other investi­
gators2 .6-8,17-25 w n 0se results are included in Figs. 2 to 
10 are briefly described in Table III. For those cases in 
which new decay-scheme data have become available, 
thee xperimental values of other workers were multi­
plied by an appropriate factor to correct for the newer 
data. A qualitative measure of the agreement of the 
various experimenters is indicated in column 6 of 
Table III, and a more quantitative measure of the agree­
ment can be seen in the various figures. Some of the 
cross section measurements of other investigators (see 
Table III) were made with protons which were de­
graded in energy by a large factor with absorbers and, 
hence, subject to considerable uncertainty in energy. 

Several groups2'8 have determined the (p,n) cross 
sections of Cu63 and Cu65 with protons of approximately 
10 MeV. The results of Jones and Schiffer8 for both 
copper isotopes are approximately 20% smaller than 
our results. The cross section for Cu65 measured by 

17 S. Tanaka and M, Furukawa, J. Phys. Soc. (Japan) 14, 
1269 (1959). 

18 C. H. Johnson, A. Galonsky, and C. N. Innskeep, U. S. 
Atomic Energy Commission Report ORNL-2910, 1960 (un­
published). 

» B. Linder and R. A. James, Phys. Rev. 114, 322 (1959). 
20 F. Boehm, P. Marmier, and P. Preiswerk, Helv. Phys. Acta 

25 599 (1952). 
2i H. G. Blosser and T. H. Handley, Phys. Rev. 100, 1340 

(1955). 
22 J - P . Blaser, F. Boehm, P. Marmier and D. C. Peaslee, 

Helv.'Phys. Acta 24, 3 (1951); J.-P. Blaser, F. Boehm, P. 
Marmier, and P. Scherrer, ibid. 24, 441 (1951). 

23 H. A. Howe, Phys. Rev. 109, 2083 (1958). 
24 S. N. Ghoshal, Phys. Rev. 80, 939 (1950). 
*' J. W. Meadows, Phys, Rev, 91, 885 (1953). 

Albert and Hansen2 agrees with our value,25a whereas 
their cross section of Cu63 is about 20% larger than our 
value. The disagreement between our results and those 
of Jones and Schifler may be due to a calibration error 
since their cross-section ratio of the copper isotopes 
agrees with ours. However, the value of this ratio deter­
mined by Albert and Hansen is in disagreement with 
our and Jones and Schiffer's values. Since Albert et al. 
and Jones et al. were both counting neutrons, the large 
discrepancy in the cross section ratio of the copper 
isotopes by these two groups is difficult to understand. 

Note added in proof. In a private communication from 
L. F. Hansen, we have learned that Albert and Hansen 
have reduced their Cu™ (p,n) cross section with 10-MeV 
protons to 450 mb in good agreement with our value. 
This, of course, makes all the above cross section ratios 
agree. 

IV. TOTAL PROTON REACTION 
CROSS SECTIONS 

In order to obtain the total reaction cross sections 
for protons (by method 1) from the (p,n) cross sections, 
one must add the values of the partial-reaction cross 
sections for all other processes which are energetically 
possible. Therefore, in addition to the (p,n) cross sec­
tions, it may be necessary to have information on the 
cross sections of the (p,2n), (p,y)9 and (p,q) reactions 
in order to derive a reasonably accurate estimate of the 
total-reaction cross section. The (p,q) cross sections 
include all the inelastic charged-particle emission proc­
esses. This method of measuring the total-reaction 
cross section neglects the compound-elastic scattering 
cross section. The (p,y) cross sections are usually rela­
tively small at excitation energies a few MeV above the 
threshold for particle emission and are neglected. 

The (p,q) cross sections of Cu63 and Cu65 have been 
measured1,5,7 for the proton-energy range covered in 
these experiments. The (py2n) thresholds of Cu63 and 
Cu65 are large enough to prohibit a contribution of these 
reactions for protons of less than 10.5 MeV. The (p,q) 
cross sections from the literature1,5,7 are plotted as a 
function of proton energy in Fig. 11. These (p,q) cross 
sections are summed with our (p,n) cross sections, and 
the resulting values of the total-reaction cross section 
are plotted as a function of proton energy in the 
laboratory scale in Fig. 11. The total cross sections of 
Cu65 are about 60 mb larger than those of Cu63 at equal 
proton energies between 6 and 10.5 MeV, although 
within the experimental errors the total-reaction cross 
sections of the two copper isotopes are in agreement. 
The total-reaction cross sections of copper measured by 
the beam attenuation technique (method 2) by three 
different groups,9-11 each at a single energy, are also 
plotted in Fig. 11. The revised datum of Igo and Wilkins 

25a Our value of the Cu65(p,n) cross section reported in the Bull. 
Am. Phys. Soc. 6, 260 (1961) is incorrect due to an erroneous cali­
bration factor. However, our present value was reported at the 
meeting. 
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TABLE III . Summary of pertinent information used in the determination of (p,n) cross sections by other investigators. 

Author 
identirl-

Target cation 

Initial pro­
ton energy 

(MeV) Method of determination of cross section 

Results 
Conversion relative Refer-

factora to ours ence 

V51 Shore 

Tanaka 

Taketani 

Johnson 
Cassagnou 

Cr52 Linder 

Taketani 

Tanaka 

Boehm 

Blosser 

Cu63 Blaser 

Howe 

Ghoshal 

Meadows 

Albert 
Johnson 
Schiffer 
Taketani 

7.5 

14 

Variable 

Variable 

21 

Variable 

14 

6.5 

22 

6.5 

20 

32 

100 

9.85 
Variable 

9.85 
Variable 

Cu6 Shore 

Blaser 

7.5 

6.5 

Ag107 

A g109 

Cd111 

Cd114 

La139 

Albert 
Johnson 
Schiffer 
Blaser 

Blaser 

Johnson 
Blaser 

Blaser 

Blaser 

9.85 
Variable 

9.85 
6.5 

6.5 

Variable 
6.5 

6.5 

6.5 

Scintillation counting, calibrated by x-ray-7-ray coinci­
dence counting of Cr61 . Current measured by Fa raday cup. 
N a l scintillation counting of 0.32-MeV 7 . Current meas­
ured by Fa raday cup. 
Neu t ron counting by BF3 counter, relative to his 
Cu63(^,w)Zn63 results. 
Neu t ron counting by 47r graphite sphere detector. 
Neu t ron counting 
Scintillation counting of positron annihilation radiations 
by N a l , relative to his and GhoshaFs (reference 24) 
Cu63(^,w)Zn63 results. 
Coincidence counting of positron annihilation radiations 
by N a l , calibrated by NBS C Na22 s tandard. Current meas­
ured by Fa raday cup. 
Mn 5 2 m /Mn 6 2» by N a l scintillation counting of 1.45-MeV 7 ; 
(d/m) of Mn 6 2 by 7-7 coincidence counting; relative yield 
of Mn 5 2 by counting 7 r a y s > 0 . 6 MeV. Current measured 
by Fa raday cup. 
(Not given bu t presumably Geiger counting of 
positrons.) 
Geiger counting of positrons, relative to GhoshaFs 
Cu63(^,w)Zn63 cross section a t 12 MeV. 
Geiger counting of positrons, calibrated by N B S 
Ra(Z)-f-jE) s tandard. 0 Current measured by Fa raday cup. 
Coincidence counting of positron annihilation radiations 
by N a l , calibrated by N B S Na22 s tandard. Current meas­
ured by Fa raday cup. 
Counting positrons, assuming 8 5 % (3+ branching. Current 
measured by Faraday cup. 
Geiger counting of positrons. Current monitored by 
Al27(^,3^w)Na24 cross sections which were calibrated by 
C12(p,pn)Cn cross sections. 
Neu t ron counting by B F 3 counter. 
Neu t ron counting by 4<7r graphite sphere detector. 
Neu t ron counting by BF3 counter. 
Coincidence counting of positron annihilation radiations 
by N a l and neutron counting by BF3 counters. 
Scintillation counting, calibrated by x-ray-7-ray coinci­
dence counting of Zn6 5 source, NBS's Zn65 and Mn 5 4 

sources. Current measured by Faraday cup. 
Geiger counting of positrons and 7-rays; 4 6 % E .C . to the 
1.12-MeV state , 5 4 % E .C . to ground state , 2 . 2 % /3+ . Cur­
rent measured by Fa raday cup. 
Neu t ron counting by BF3 counter. 
Neu t ron counting by 4 T graphite sphere detector. 
Neu t ron counting by BF3 counter. 
Geiger counting of K x rays ; e /7 = 1 6 ± 3 . Current meas­
ured by Fa raday cup. 
Geiger counting of K x rays ; e /7 = 1 9 ± 3 . Current meas­
ured by Fa raday cup. 
Neut ron counting by 4x graphite sphere detector . 
Geiger counting of 7 rays and conversion electrons. Cur­
rent measured by Fa raday cup. 
Geiger counting of 1.98-MeV 0~ of In114^, calibrated by 
N B S Na22 s tandard. Current measured by Fa raday cup. 
Assuming 100% I . T . and 9 7 % (3~ decay of In114*. 
Geiger counting of 7 rays, calibrated by R a ( Z ) + £ ) and 
Co60 s tandards of N B S ; assumed 1 7 per disintegration of 
Ce139. Current measured by Fa raday cup. 

1 

1 

1 

1 
1 

85 / 9 3 

Same 

Same 

Low 

Same 
Same 
Same 

7 

17 

6 

18 
b 

19 

Same 

Same 

Same 

1.025 

1.26 

Same 

Same 

17 

1 

85 /93 

85 /93 

89.3/93 

85 /93 

1 

1 
1 
1 
1 

Same 

"Low" 

Same 

Same 

Same 

Same 

High 
Same 
Low 
Same 

20 

21 

22 

23 

24 

25 

2 
18 
8 
6 

45 /49 

1 
1 
1 

21.3/17 

23.5/20 

1 
1 

Same 

Same 
Low 
Low 
Same 

Same 

Same 
High 

22 

2 
18 
8 

22 

22 

18 
22 

22 

22 

a A factor used to convert the results for comparison with our data on the same basis of decay scheme. For example: Linder's Cr52 data, determined rela­
tive to Ghoshal's Cu63 results (which were based on 85 % /3+ branching of Zn63), must be multiplied by 85/93, because we used 93 % /3+ for Zn63 decay. 

b Y. Cassagnou, J. M. F. Jeronymo, C. Levi, L. Papineau, and D. Stanojevic, J. phys. radium 22, 604 (1961). 
0 See National Bureau of Standards Circular No. 594 (Superintendent of Documents, U. S. Government Printing Office, Washington D. C , 1958). 

at 10.1 MeV agrees with the data determined by 
method 1. 

The (p,q) cross sections of V51 are > 165 mb1 and 134 
mb7 at proton energies of 9.85 and 7.5 MeV, respec­
tively. By adding these values to our (p,n) cross sec­

tions at corresponding energies, we derive cross sec­
tions of >800 mb and 690 mb for 9.85- and 7.5-MeV 
protons, respectively. The value at 7.5-MeV proton 
energy is in excellent agreement with that of Shore, 
Wall, and Irvine.7 This is a result of our agreement on 
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FIG. 11. Total proton reaction and (p,q) cross sections of Cu. 
Open circles and triangles represent Cu66(^,^) cross sections; solid 
circles and triangles represent Cu^(p,q) cross sections. Solid 
curves and the symbols + , X, and ^, represent total proton-
reaction cross sections. The data represented by the symbols O 
and # are from Benveniste et al. (reference 5), A and A from 
Meyer and Hintz (reference 1), V from Shore et al. (reference 7), 
X from Greenslees and Jarvis (reference 9), + from Carlson et al. 
(reference 10), and =̂  from Igo and Wilkins (reference 11). The 
symbols • and • represent theoretical-reaction cross sections 
calculated with surface and volume absorption, respectively. 
• and • at 7.5 MeV are from reference 7, • at 10 MeV from 
references 29 and 2, and • at 10 MeV from references 27 and 28. 
Note added in proof. The reaction cross section of copper measured 
at 9 MeV by R. F. Carlson, R. M. Eisberg, R. H. Stokes, and 
T. H. Short [Nuclear Phys. 36, 511 (1962)] has been revised 
downward to 895±80 mb. 

the V51(p,n) cross section with 7.5-MeV protons. The 
V 5 1 ( ^ 0 cross sections of Seward26 were added to our 
(p,n) cross sections at proton energies less than 6.5 
MeV. At the lower energies it was assumed that the 
other (p,q) cross sections were negligible. The resulting 
total reaction cross sections of V51 are plotted in Fig. 12. 

Cross sections for the (p,q) reactions in Cr52, Ag107, 
Ag109, Cd111, Cd114, and La139 targets are not available. 
These cross sections are expected to be small for the 
latter five targets due to the large Coulomb barriers of 
these nuclei relative to copper and vanadium. This 
assumption is supported by measured values of about 
30 mb for the (p,q) cross sections1 of natural silver and 
tin bombarded with 10-MeV protons. The (p,n) cross 
sections of Ag107, Ag109, Cd111, Cd114, and La139 are prob­
ably therefore good estimates of the total-reaction 
cross sections of these nuclei at proton energies less 
than the (p,2n) thresholds. The reaction cross sections 

26 F. D. Seward, Atomic Energy Commission Report NYO-
2267 (unpublished); also see reference 6. 

for silver, cadmium, lanthanum, and bismuth13 which 
are plotted in Fig. 13 are based on the above assumption, 
and, hence, do not contain a correction for the (p,q) 
cross section. 

V. OPTICAL MODEL CALCULATIONS 

With a computer code based on the optical model 
with only volume absorption27 and using the same 
Woods-Saxon form factor for the real and imaginary 
parts of the nuclear potential, some sample calculations 
have been made to investigate the sensitivity of the 
total-reaction cross section of copper with 10-MeV 
protons to the various parameters. Using the parameters 
for Cu obtained by Glassgold for elastic scattering 
data, we varied fo and V. The results indicate that 
effects of size resonance are appreciable. If one replaces 
W with a smaller absolute value than —8.6 MeV used 
by Glassgold, these size resonances become much more 
pronounced. These results are shown in Figs. 14(a) and 
14(b). Thus, it seems that changing the parameters 
increases or decreases the value of the reaction cross 
section and also that the sensitivity to the parameters 
is going to be a function of the location on the size 
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FIG. 12. Total proton reaction and (p,q) cross section of VS1. 
Solid curve represents the total proton cross sections; • , the (p,n) 
cross sections; O, the (p,q) cross section of Shore, et al. (reference 
7); A, the (p,q) cross section of Meyer and Hintz (reference 1); 
and dashed curve represents the (p,p') cross sections of Seward 
(reference 26). The symbols • and • represent the theoretical-
reaction cross sections with surface and volume absorption, re­
spectively. • and • at 7.5 MeV are from reference 7, and • at 
10 MeV from references 29 and 2. 

27 A. E. Glassgold, W. B. Cheston, M. L. Stein, S. B. Schuldt, 
and G. W. Erickson, Phys. Rev. 106, 1207 (1957). 



(p,n) CROSS SECTIONS F R O M 5 TO 10.5 MeV 289 

resonance. The dependence of the total-reaction cross 
section on W for two choices of the location on the size 
resonance is illustrated in Fig. 14(c). Glassgold27 and 
Nodvik and Saxon28 give permissible limits with re­
spect to variations in V and r0, but it is not clear to 
what extent W can be varied without seriously dis­
turbing the agreement with elastic scattering data. 
From the calculations of Glassgold27 and Nodvik and 
Saxon28 (who included a spin-orbit term) the total-
reaction cross section for copper is bounded by the 
values 670 mb (r0=1.20F) and 800 mb (r0=1.33F). 
As already pointed out by others, the experimental 
10-MeV cross sections for copper are slightly larger 
than the values based on optical-model calculations 
with previous parameters and uniform nuclear volume 
absorption. The average of our reaction cross sections 
of Cu63 and Cu66 with 10-MeV protons is 850 mb, in 
good agreement with the average of the results re­
ported by Albert and Hansen,2 and the value of 820 
mb reported by Igo and Wilkins.11 

Optical-model calculations of the reaction cross sec­
tions with surface absorption have been made by 
Bjorklund and Fernbach29 and reported by Albert and 
Hansen.2 The calculations were performed with values 
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FIG. 13. Proton reaction cross sections of Ag, Cd, La, and Bi. 
Solid curves represent experimental-reaction cross sections deter­
mined by method 1. Open points designate the theoretical-
reaction cross sections for Ag108, solid points the theoretical-
reaction cross sections for La139, and E and 0 the theoretical-
reaction cross sections for Bi209. Squares are surface adsorption 
(references 2, 29) and circles are volume absorption with r0 
= 1.25 F, and <Z=0.52 F. For Ag and Bi, F = - 6 2 MeV and W 
= - 8 . 6 MeV. For La, F = - 5 5 MeV and W= - 6 MeV. 
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FIG. 14. Theoretical reaction cross section divided by irR2, 
where R = r0A*, for 10-MeV protons on Cu64. The two sets of 
Woods-Saxon parameters found in reference 27 are V= — 62 MeV, 
TF=—8.6 MeV, r0=1.20 F, and tf = 0.52 F; and F = - 4 8 MeV, 
W^-1.9 MeV, f0 = 1.33 F, and <2=0.50 F. 

of the parameters V, W, ro, a, and b of —[44+ (Z/A%)~\ 
MeV, - 1 1 MeV, 1.25 F, 0.65 F, and 1.2 F, respectively, 
and a spin-orbit potential of 20 times the Thomas term. 
All of the surface absorption cross sections at 10 MeV 
which are discussed in this paper are based on these 
parameters. 

Optical model calculations with surface absorp­
tion2,29 give 10-MeV proton cross sections of 805 and 

28 J. S. Nodvik and D. S. Saxon, Phys. Rev. 117, 1539 (1960). 29 F. Bjorklund and S. Fernbach, Phys. Rev. 109, 1295 (1958). 



290 J . W I N G A N D J . R. H U I Z E N G A 

850 mb for copper and vanadium, respectively. The 
experimental total reaction cross sections of Cu63 and 
Cu65 with 10-MeV protons agree slightly better with 
surface absorption than with volume absorption optical-
model calculations, although surface absorption does 
not7 give better agreement with experiment with 7.5-
MeV protons. The experimental reaction cross section 
of 800 mb for vanadium with 10-MeV protons does not 
include the (p,pf) cross section1 to the 0.32- and 0.65-
MeV states in V51, and hence is a lower limit. Calcula­
tions with both surface and volume absorption7 agree 
with the experimental vanadium cross section with 
7.5-MeV protons. 

A volume absorption optical model calculation with 
ro=1.25F gives reaction cross sections for silver, 
cadmium, lanthanum, and bismuth which are in 
reasonable agreement with the experimental-reaction 
cross sections. This conclusion is rather tentative since 
the range of Woods-Saxon parameters which fit the 
elastic scattering have not been established. The sur­
face 2>29 absorption model gives a 10-MeV cross section 
of about 600 mb for silver and cadmium, 450 mb for 
lanthanum, and 120 mb for bismuth. The theoretical 

cross sections calculated with both volume and surface 
absorption are compared with the experimental results 
in Fig. 13. As can be seen from Fig. 13, the experimental 
cross sections of lanthanum are low compared to the 
calculated values. The experimental cross sections of 
lanthanum are, however, slightly larger than the cross 
sections reported for praseodymium.4 For both of the 
latter two targets, the (p,n) cross sections should be 
reasonable approximations of the total-reaction cross 
sections for energies less than the threshold of the (p,2n) 
reaction which occurs at about 8.5 MeV for both 
targets. 
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