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DIFFERENTIAL CROSS SECTIONS AT FORWARD ANGLES FOR HYDROGEN AND

HELIUM PARTICLES FROM 6 2-MeV PROTONS INCIDENT ON 6 0 Ni

R. W. Peelle and F. E. Bertrand

Abstract

Tabulated differential cross sections are presented for
the production, at angles of 15, 20, 25, and 40 deg, of
proton, deuteron, triton, helium-3, and alpha particles
from 60Ni bombarded by 62-MeV protons. Continuum cross
sections are listed in - 1-MeV bins for energies above
lower cutoffs which range from 4 to 15 MeV for the dif-
ferent types of exit particles. For a considerable energy
range within each spectrum, only the integral cross sec-
tion is known. The proton-, deuteron-, and alpha-particle
cross sections are the same in the continuum region above
the evaporation peak as those cross sections previously
observed for S4Fe and 5 6Fe, but the corresponding yield of
tritons is higher from 60Ni and 56Fe than from 54Fe.

INTRODUCTION

Differential cross sections are tabulated in this report for pro-

ton, deuteron, triton, helium-3, and alpha particles produced in the

range 15 to 40 deg in a target of 60Ni under bombardment by 61.7-MeV

protons. The lower limit on the energy of the outgoing particle was

determined by the energy of a particle just stopped in the first AE

detector (- 100-p silicon). A flaw in the experimental setup, involving

an errant piece of drafting tape between adjacent detectors, makes the

data here less precise than that presented elsewhere for neighboring

elements in that each spectrum includes a region for which only the

average magnitude is known. The details of the experimental and data

analysis system have been reported,1
-

3 and the results for 54Fe and

56Fe used for comparison have been tabulated elsewhere.4 The tabulated
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values for other targets from this experiment may be found in reports

cited in ref. 5.

METHOD AND DATA ANALYSIS

Momentum-analyzed protons from the Oak Ridge Isochronous Cyclotron

were focussed to an -8-mm spot on a target of 60Ni. The charged reaction

products were detected by a semiconductor telescope spectrometer with

-180 keV resolution mounted within a 1.2-m-diam evacuated scattering

chamber. The telescope consisted of two silicon surface-barrier AE de-

tectors, 100 and 500 p in thickness, and a planar Ge(Li) stopping de-

tector. 6 For each event, data were obtained from three analog-to-digital

converters and written onto compatible magnetic tape by an on-line PDP-8

computer for later analysis on the Laboratory's central computer. Sec-

ondary particles were identified by a twofold AE x E method over the

energy range from a few MeV (set by penetration of the 100-p detector)

to 62 MeV. The 54Fe data shown in the figures has a lower energy cut-

off since time-of-flight particle identification was used for those

particles which stopped in the 100-p detector.

Table 1 gives a list of the factors by which counts in the various

runs were multiplied to give laboratory-system cross sections in

millibarns/steradian. These factors are based on the foil thickness and

geometry, the detector solid angle, and the electric charge collected by

a carefully constructed Faraday cup. (See ref.l, pages 46 and 81.)

The >99% isotopically pure 6 0Ni target was fabricated by the Isotopes

Division of the Oak Ridge National Laboratory. The average surface den-

sity was 3.8 mg/cm;2 a 4% uncertainty was assigned because a detailed

scan for uniformity could not be performed.
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Table 1. Conversion Factors for the 6 0Ni Experimental Runs.

Laboratory Angle Factor
(deg) Run Number (mb.ster 1.count- 1)

15 5003 4.74 (- 3 )a

20 5004 2.53 (-3)

25 5005 1.295 (-3)

40 5006 7.89 (-4)

aRead as 4.74 x 10- 3
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The data tabulated in this report have been corrected to remove in

first order the effects of energy loss of scattered particles in the

target, penetration of the edges of the detector collimator, multiple

scattering of secondary protons by the AE detectors, the "dead" layer

covering the germanium detector, and nuclear reactions of hydrogen par-

ticles in the Ge detector. The correction techniques are described in

refs. 1 and 2. The dead layer over the Ge detector was normally about

3 mg/cm2 of nickel, but for the data presented here a protective layer

of masking tape was inadvertently left in the same region between the

AE detectors and the stopping detector. On-line diagnostic graphics

clearly showed the effect of this layer; there was insufficient time to

repeat the runs which led to the data presented here. Moreover, the

surface density of the tape was not measured when the mistake was dis-

covered, since at that time there wasno intention to study the continuum

data from this target. The appropriate dead layer for the analysis was

determined by weighing a "typical" piece of masking tape, and also by

performing our standard dead layer correction with a few different

thicknesses of plastic (Mylar) to represent the masking tape and re-

quiring internal consistency among the diagnostic outputs available.

The layer was finally taken as 15 mg/cm2 mylar, with an uncertainty of

<5 mg/cm2 .

The effect of the dead layer is to 1) leave empty a portion of the

spectrum corresponding to the energy region in which particles stop in

the dead layer, 2) to place spurious "fold back" counts at lower energies

corresponding to the energy actually lost in the AE counters, and 3) to
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displace events which did count in the stopping detector to an incorrectly

low value. Counts are conserved within the affected region, so for the

data presented here this entire region is represented by one broad histo-

gram block. The third difficulty is corrected in first order by the

standard correction program. The largest uncertainty from this effect is

in the cross sections presented for the energies just above the broad

blocks, and is about 7% based on a 5 mg/cm2 uncertainty in the thickness

of the dead layer. A fourth difficulty was that some alpha-particle

events were shifted by the dead-layer correction to an impossibly high

energy, indicating an overcorrection. The results in this region are

presented as a broad histogram block.

Data tables and graphs below show statistical uncertainties propa-

gated from the Poisson uncertainties in the experimental counts. To

obtain the full uncertainty on a given cross section, the statistical

uncertainties must be combined with an overall systematic uncertainty

and a few special systematic uncertainties, described below, which affect

limited regions of the spectra. The overall systematic uncertainty is

estimated to be - ±7% for these data, including uncertainties in foil

weight, detector solid angle, number of incident protons, and dead time

fraction.

Systematic uncertainty is increased to - 10% for areas of low cross

section, such as most of the 3He data, because the lines in AE x E space

which distinguish events among the particle types are derived empirically

on the basis of observed events. Scattered counts are not always de-

tected in the diagnostic computer outputs which exhibit the fit between

the data and the imposed "discrimination lines."
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The magnitudes of the "tail" correction for nuclear reactions in

the Ge(Li) detector and for collimator edge penetration are both dependent

upon the number and spectral distribution of the recorded counts. The

reaction correction has two components; 1) a correction at each channel

to add back the counts lost and 2) a correction to remove at each

channel the counts added by reactions of higher energy events. Both of

these effects have been corrected. The latter reaction correction and

the collimator edge correction are significantly large only for protons

at scattering angles <30 deg, where the spectra are dominated by strong

elastic scattering, and the corrections generally fall rapidly with angle

within that range. The uncertainty in the correction for collimator

penetration is taken as 20% of the correction, which is approximately

proportional to pulse height. This uncertainty is significant only for

the data at 15 deg, as shown in Table 2. The reaction-tail correction

(type 2) rises from zero to its full value between 35 and 45 MeV and

then remains roughly constant up to the elastic peak. The cross section

uncertainty in the standard reaction-tail correction, taken as 25% of

that correction, is given in Table 2.

RESULTS

No results are given here for excitation of specific levels of the

residual nuclei, since too few angles are included to allow generally

meaningful results. Some results from this work have been published for

excitation of the 1.33-MeV level of 6 0 Ni (ref. 7).

To illustrate the results for 6 0 Ni, comparisons are shown with data

for 54Fe and 5 6Fe (ref. 4). Figures 1 and 2 show comparisons between

targets of 54Fe and 6 0 Ni for secondary protons and for alpha particles,



7

Table 2 . Systematic Uncertainties in Secondary

Proton Cross Sections at 45 MeV from Reaction-

Tail and Collimator-Tail Corrections.

Laboratory
Angle

Uncertainties in Corrections Applied

"Collimator Tail" "Reaction Tail"

mb.ster- .MeV- mb.ster 1.MeV- 1

15 0.14 0.52

20 0.026 0.10

25 0.007 0.02

40 0.004 0.01
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ORNL- DWG 71-5028
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Fig. 1. Proton Spectra from 62-MeV Protons on 6°Ni at 25 deg
and 54Fe at 27 deg. The broad dashed bin near 10 MeV in the
otherwise-solid line represents the average cross section for
60Ni(p,xp) in the region where cross sections were affected by the
unusually thick dead layer.
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Fig. 2. Alpha-particle Spectra from 62-MeV Protons on 6°Ni at
25 deg and 5 4Fe at 27 deg. The broad dashed bin near 30 MeV in'the
otherwise-solid line represents the average cross section for
6 0Ni(p,xa) in the region where cross sections.were affected by the
dead layer.
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but for angles smaller than 25 deg proton comparisons are ambiguous.

Figure 3 shows data for all three targets for protons at '40 deg. Note

that the 56Fe data is really at 37 deg and that a gap in existing data

appears for 54Fe in the region between 6 and 15 MeV. For the cases in

Figs. 1-3, it appears that cross sections above the evaporation region

are strictly comparable, while in the evaporation region other factors

determine the cross section. For example, one would expect relatively

more proton than neutron evaporation for the proton rich 54Fe, as shown

in Fig. 3.

Figure 4 shows the comparison of deuteron spectra observed at 20 deg

for the three targets. The results at 15 deg are similar. The importance

of the level structure leads to a confusing picture at the higher ener-

gies, but the results show that the cross sections overlap in the medium

energy and low energy regions. This result does not hold for tritons

for which the 60Ni results (and those for 56Fe) are 50% higher than the

5 4Fe. The difference can be partially explained on the basis of the

indirect pickup reaction mechanism and the availability of nucleons.

In the figures, the data which has been averaged into bins of width

0.4 to 2 MeV does not show significant structure effects. At the high

energies the plot is made directly from the 50 keV/channel results.

Table 3 shows the energy-integrated laboratory cross sections in units

of millibarns/steradian, and the average energies in MeV, at each angle.

Note that the average is performed over only the observed portion of the

spectrum, that above the listed low-energy cutoffs. Tables 4-8 list for

each angle the laboratory cross sections [millibarns/(steradian-MeV)1 for

proton-, deuteron-, triton-, helium-3-, and alpha-particle production
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0 5 10 15 20 25 30 35
ENERGY (MeV)

40 45 50 55 60 65

Fig. 3. Spectra from the (p,xp) Reaction for 62-MeV Protons on
5 6Fe at 37 deg and on 5 4 Fe and 60Ni at 40 deg. The broad dashed bin

near 10 MeV in the otherwise-solid line represents the average cross

section for 6 0Ni(p,xp) in the region where cross sections were af-

fected by the dead layer. A gap is shown in the 54Fe(p,xp) curve

from 6 to 15 MeV; beyond this energy the curves are difficult to
distinguish.
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ORNL-DWG 71-5027
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ENERGY (MeV)

Fig. 4. Spectra from the (p,xd) Reaction for 62-MeV Protons

on 56Fe, 54 Fe, and 60Ni at 20 deg. The broad dashed bin near

12 MeV in the otherwise-solid line represents the average cross

section for 6 0Ni(p,xd) in the region where cross sections were
affected by the dead layer.

5.0

4.5

4.0

3.5

E 3.0

E 2.5

b

2.0

1.5

1.0

0.5

0



13

-
t- 

t-- 
b--

~ 
.

., 
L

,

o 
H

 
O

-
b- 

L
. 

C
k
l 

04 
O

J
C

MC
J

-
0 

0- 
_

H
 

H
 

00

0
0
0
0

+
I 

+1 
+1 

+1

c 
0
0
 

co
(C) 

O
N

-z 
0

n 
o 

x 

.O \D
 

\D

' 
v--I 

U
L

M
 

m
 

C
J

C
d

".12

-r 
m

 
C

M
 

H

+1 
+1 

+1 
+

1

N
 

t- 
\O

 
L

r\

H
 

-x 
L

c\ 
r'

I 
0) 

C
M

 
H

rl 
n 

m
 

0n

\0
 

H
 

ON 
H

 
t-C

O
 

0 
m

 
*r

C\J 
CM

 
C

 
CM 

rla)
m

i

C
M

+
1

O
N

L
-

O
^

'a
 

HQ )
Cd 

ttO
0) 

U
NH
 i

Hl 
-

O

+1 
+1 

+
1

C
U

 
O

 
O

O
\ 

\ 
t--

C
U

 
C

J 
H

O
 

Ll\ O
C

J 
CM

 
-t

03

I 
124

+
1

-

O
o

C) z

0,

Iw
 

E rE:

b 
)

0
0

)

+
ItD

CO
 

CO
 

CO
 

O
N

V
 

m
 Ln

 

.H
 

H
 

H
 

H

CM 
CM 

CM 
C

M

CM 
H

 
H

 
O

+1 
+1 

+1 
+

1

-
O

 
C

M
-

O
 

CM 
t-

,--I 
r- 

CY) 
CM 

H
 

C
O

0
' 

(' 
C0Y) 

C\l

C
J 

cO
 

tn
 

0'
H

 
O

 
O

 
O

+1 
+1 

+1 
+

1

b -
CM 

ON,
O

 
\D

 
CIM 

C

( 
CM 

CM 
H

r

-- 
-

0

-H 
C

N
C

\ 
0

CM 
( 

-

0 0)

ro
-

'4
i

(1 
+-I

00 O
 

:E

+1 
'-.

r+D
+

la
.

+I 
\0

00 0 
)

C-) 
-(12>

4-Ib,+
l 

+1O
 

--

r.04-

E
H0hqa)

4-'0)
q

,l
00A
4

.H0 

0 *0
4- 

0

C·H H
o

4d 
0

4-, 
-0

O
 

C
) 

O

H
 

h P
 

C
O

 

W
c

W
D

E
q

rd0)c)

v 
14-'

O
c
d

C
d+
)

d
a 

a)

P- ad) 
-H

*H
 

'cd
Q

)4-a

0))

4
-P

H
 

U

0) 
0)

ot 
X

a .) .,

o 
a)

a) c
d

 
d 

0
C

 
0

H
H

 
0 

· H
 

rn,--IO
H

c
) 

C
d 

t>

0
)*

H
 

o 
4-

a
J
P

 
U

 

C
+

) 0a

co 
+

) 
@

 
o

a
u

k
 

a 
* 

c 

ii II



14

from 62-MeV incident protons on 6 0 Ni, generally averaged over bins from

0.4 to 2 MeV in width. The listed bin energies are at the centers of

the indicated bins. A very broad bin is shown in each table for the

region affected by the extra "dead layer." Elastic proton scattering is

excluded from Table 4.
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