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TABULATED CROSS SECTIONS FOR HYDROGEN AND HELIUM PARTICLES
PRODUCED BY 62~ and 29-MeV FROTONS ON 120gp

F. E. Bertrand and R, W. Peelle

ABETRACT

Tabulated differential cross sections are presented for
the production spectra sf proton, deuteron, triton, helium-3,
and alpha particles from '20Sn bombarded by 62- and 29-MeV
protons, Gontinuum cross sections in ~ 1-MeV bins are listed
for 19 angles fnr 62-MeV incident protons, and for 5 angles
for 29-MeV protons. The low-energy cutoffs range from 2 to
6 MeV for the different exit particle types. Angular distri-
butions are given for excitation, by 62-MeV protons, of states
at 0, 1,17, and 2,38 MeV in '29Sn; and at 0, 0,73, 1.02, and
1.29 MeV in 1228n, Only the elastic scattering cross sections
are given for incident 29-MeV protons, «ince there is an
inadequate amount of data for angular distributions,

INTRODUCTION

This report gives tabulated differential cross sections for proton,
deuteron, tritom, helium-3, and alpha particles produced in a target of
1208n under bombardment by 62- and 29-MeV protons. The outgoing particles
were counted over an energy range from as low as 1.8 MeV up to the maximum
energy which is kinematically possible. The lower energy limit depended
upon the type =f particle and the experimental conditions. The details
of the experimental and data analysis systems have been reportedal Pre-

2
vious documents in this series give da;a for other targets.,




METHOD

Protons were accelerated by the Oak Ridge Isochronous Cyclotron, }
momentum analyzed to ~ 0.1% in momentum in the facility's 153-deg magnet, ﬁ
and focused on the target in a spot approximately 8 mm in diameter., The ;
charged reaction products were detected within a 1,2-m dia evacuated 4
scattering chamber in a three-counter telescope composed of two silicon
surface barrier AE dectors, about 100 and 500 microns in thickness, ;
and a lithium-drifted germanium stopping detector.3 This novel spectrom-

eter contributed an energy resolution of approximately 180 keV (FWHM)

for 62-MeV proton3., Data were obtained from four analog-to-digitai con-

verters for each event, processed and written onto magnetic tape by an
on-line PDP-8 computer, and later analyzed on the Laboratory's IBM-360

computers and on the PDP-8,

g

Secondary particles were identified unambiguously, by a combinatiom

of AE x E and flight-time vs E methods, over the whole energy range from

a few MeV to 62 MeV, Figure 1 illustrates the particle separations

typically obtained in the two sets of AE by E discrimination arrangements,
and a best example of operation of the flight-time mass discrimination
system. In some runs the mass resolution was about twice as coarse as
that illustrated. Figure la shows a vertical line at about 4.8 MeV

which is caused by a weak g~emitting calibration source built into the
system, The weak distribution in Figure 1b below the proton distribution
is caused by protoms over 9.2 MeV which fail to register in the stopping

detector. Those below about 7.3 MeV are identified in the standard anal-

ysis program and placed in the spectrum distributed over the emergy range

corresponding to the observed AE. The similar distribution in Figure lc
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Fig. 1. Fvent Density Maps Illustrating Particle-Type Discrimination.
In each 'map' the average density of each symbol represents the number of
events observed in a two-dimensional regicn, as indicated in the legend of
(a). The upper figur: represents the apparent mass distribution in the
100-micron B detector as given by flight-time observaticns. The center
map (b) shows the (AE X E) vs E distribulion of particles stopped in the
500-micron C detector, while (c¢) illustrates the similar distribution for
particles stopped in the germanium detector (D).




in fact corresponds to a constant AE, and arises from nuclear reactious

in the stopping detector. Both the loss and displacement of events are
compensated by the standard analysis system., Except for omission of
information on the AE limits appropriate for each type of particle and
for a coordinate grid, Figures lb and lc are photographs of printed out-
puts identical to those studied for each experimental run,

Figure 2 illustrates the flow of data through the set of analysis
programs, Communication by magnetic tape to allow some interactive
analysis on the PDP-8 proved to be essential. Generation of the
required tapes was surprisingly cumbersome and time-consuming. If
intervention by hand is required to correct difficulties peculiar
to one or a few runs, values are usually corrected on the BINSPEC outputs
which are in about 1-MeV energy bins, When this is done, nonstatistical
uncertainties may be conveniently inserted for these data. An exception
to this procedure is our interpolation method for compensation at the
input to BINSPEC for counts introduced by the a-particle calibration
source for the 100-micron detector.

Analysis of the data presented here differed in method from the
description in Ref 1 only in that ®He and “He data for incident 6G-MeV
protons were handled with neighboring channels combined to form biuns
100 keV in width, For “He this was desirable because the +2.7 MeV Q
value for the (p,«) reaction would have interfered with an arbitrary upper
energy limit in the analysis program if 50-keV channels had been employed.
No disadvantages result from this modification, and the coarser resolu-

tion allowed the dead-layer correction for the nickel foil over the

stopping detector described in Ref 1 to function better.
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The 22°8Sn target was fabricated by the Isotopes Division of che Oak
Ridge National Laboratory., Target properties are listed in Table 1 along
with other experimental parameters and the assigned systematic uncertain~
ties, The systematic uncertainty is increased for areas of low cross
section, such as most of the *He data, because the lines in AE by E space
which distinguish events among the particle types are derived empirically

on the basis of observed events, and scattered counts are not always de-

tected in cells of the size i1llustrated in Figure 1, The difficulty was
mitigated when chronologically neighboring runs on other targets gave many
3 more particles of a given type, or when very long runs were made. This
systematic bias is nearly always unidirectional, though for some runs a H
bit of the high-AE tail of the distribution of deuterons may have been |

misidentified as tritons. f

Table 2 lists the low-energy cutoffs for the data presented in this
report, The low-energy cutoffs for the alpha-particle and proton d:ta
were determined by a low energy background from a lighter-element contami-

nant in the target. Analysis by x-ray spectroscopy indicated a nickel

component of 1, % .4 mol %, fairly consistent with observations, and a
small oxygen contamination. The cutoffs have been chosen so that the cross
sections for only the lowest energy bins of the proton and alpha-particle
data are affected by the nickel contaminant, by an amount thought coﬁ-
parable with the stated uncertainty.

.Table 3 gives a list of the factors by which counts in the various
runs must be multiplied to give laboratory-system cross sections in milli-
barns/steradian. ' These factors are based on the foil thickness and
geometry, the detector solid angle, and the‘electric charge coliected by

a carefully constructed faraday cup. (See Ref 1, pages 46 and 81.)




TABLE 1

Experimental Parameters and Uncertainties

13¢gn Target

Thickness 4,85 + 0.05 mg/cm®
Uniformity £ 1%
Isotopic Purity 98.4% 2%8n, 0.5% *Bsy,

0.4% *}®gsn, 0,3% 1R4gn,
0.4% other
Beam Energies

0100 runs 61,50 MeV
2000 runs 61,89 MeV
7000 runs 60,86 MeV
0000 runs 28,81 MeV
Penetration
Collimators used: Parameter® Material Thickness Area(*l1,5%) Distance(:1%) i
0100 runs 2.2 Ta 0.432cm 0.522¢cm? 45,8cm }
0000 runs 2,2 Ta 0.013cm 0.522cm® 45,%m 5
2000 runs 4,2 Ni 0.653cm 0.183cm? 46,2cm
7000 runs 3.2 Ni 0.653cm 0.265¢cm? 46.4cm
Detector Angle * 0.5 deg i
Zero Angle * 0.5 deg )
Atigular Resolution (for 0000 and 0100 Runs) + 1,2 deg ? |
Target Angle % 0,5 deg 1
Beam Spot Diameter 0.8 em
Beam Spot '"walk" + 0.4 cm
Collimator misalignment at chamber center * 0.5 cm ;
Uncertainty in various corrections to data t 2% g
Uncertainty in number of protons striking target * 1% i
Uncertainty in dead time measurement * 2% %
r
Combined systematic uncertainty + 5% ;
Combined systematic undertainty for spectra with
unusually small cross section : + 10%
Combined systematic uncertainty for 20-deg data + 10%
25-deg data + 20%

@ gee Ref., 1 for a description of the role of this parameter of the
collimator penetration correction, '




Particle Type

Proton

Deuteron
Triton
Helium=~3
Alpha

Proton

Deuteron
Triton
Helium=3
Alpha

Table 2

1208n Low-Energy Cutoffs

Cutoff

Reason

62-MeV Incident Proton Energy

1,8 MeV

4,6 MeV
5.7 MeV
13.2 MeV

11.0 MeV
(15 MeV)

TOF packground from Target
Contaminant
No Events Visible in TOF Data

Masg-3 Ambiguity in COF Data
Lack of TOF Data

Target Contaminant
(temporary difficulty in the
tape-writing program)

78.8 MeV Indicent Proton Energy

i
{

1.9 MeV

4,6 MeV
5.7 MeV
13.2 MeV
11.0 MeV

TOF Background from Target
Contaminant

No Events Visible in TOF Data
Mass~-3 Ambiguity in TOF Data
Lack of TOF Data

Target Contaminant

A g b il

R Ty ST




Table 3

List of Angles, Run Numbers, and Factors

120an
Lab Angle

_(deg) Run_Number Factor

62 MeV
12 0124 3.04(-2)
15 0125 1.09(-2)
20 2012 4.14(-3)
25 20590 5.33(-3)
30 7124 1.364-3)
35 2005 7.15(-4)
40 2036 3.27(-3)
45 7127 1.41(-3)
50 2037 1.36(-3)
55 2044 1.60(-3)
60 7123 8.49(-4)
65 2045 1.60(-3)
70 2027 1.20(-3)
75 2022 2.39(-4)
82 2026 8.12(-4)
20 7121 4.16(-4)
99 0133 2.83(-4)
110 7122 9.84(-4)
135 2057 2.41(-4)
160 2062 3.98(-4)

28 MeV
15 0011 1.57(-2)
30 0002 5.37(-3)
60 0005 3.81(-4)
90 0006 3.32(-4)
125 0020 2.97(~4)

@Rent as 3.04 x 1072

o
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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 nickel window
"dead" layer covering the germanium detector, and nuclear reactions of
hydrogen particles in the germanium detector. The correctisn techniques
are described in Ref 1.

The magnitudes of the "tail' correction for nuclear reactions in the
germanium detector and for collimator edge penctration are both dependent
vyon the number and spectral distribution of the recorded counts, These
corrections are significant only for protons at scattering angles less than
about 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 62-MeV data at 12 and 15 deg,
as shown in the table below. The uncertainty in tne reaction tail correc-
tion is taken as 25% of the correction, which rises from zero to its full

value between 35 and 45 MeV for the 62-MeV data (between 17 and 21 MeV

for the 29-MeV data) and then remains roughly constant up to the elastic t
peak. The cross section uncertainty in the standard correction is tabu- 1
lated below for the runs in which it is significant. These uncertainties
must be combined with the overall uncertainties of Table 2 and with ;Q

statistical uncertainties,




1l

Cross section Cross section
uncertainty from reaction uncertainty from collimator
Angle tail correction at 45 MeV edge penetration at 45 MeV
[deg] [(mb(ster-MeV)=*] [mb(ster-Mev)~1]
62 MeV Incident Proton
12 1.7 .7
15 .54 .2
20 .02 .02
30 006 004

29 MeV Incident Proton

15 .8 .5
30 .02 .03

The secondary proton data at 25 deg for 62 MeV incident protons has
been discarded because a large amount of 'tail", uncompensated by the
standard correction, was found in the results for this run. The estimated
systematic uncertainty for this run was increased for the other particle
spectra. TFor similar reasons the overall uncertainty in the 20 deg data
is listed as *10%. This difficulty was discoveféd and its magnitude
estimated by examination of the number of events with energy below ~ 40 MeV
and outside ali proper AE x E regions, in comparison with the magnitude
above ~ 40 MeV of the standard reaction-tail correction for protoms.

The secondary proton data at 60 and 90 deg for‘incident 29 MeV protons
has been discarded because of a temporary high threshold in one of the AE
detectors. The diagnostic pulse-height spectrum for that detector indicated
that the threshold was not high enov~h to affect the spectra observed for
heavier particles. Since proton spectra remain for only three angles for
the data at 29 MeV, no integrals over angle can be given for this case.

The secondary particle spectra in the tables and graphs below often

show a local effect at the energy corresponding to stopping of

oy,

o
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particles in the nickel foil which covered the germanium detector.
The effect is exaggerated or hidden depending on the precision of the
gain measurement in the second (590 micron) silicon detector, and also

depends on the pulse height threshold 'n the stopping detector. The dis-

AP ARSI VIR

continuities appear at about 9, 12, and 15 MeV for protous, deuterons, and
tritons, respectively; and at about 33 and 35 MeV for ®He and %He. The

total number of recorded counts is not affected.

RESULTS

RERSEE Rt U SR SRR R & A

Figures 3 and 4 show the proton spectra at 30 deg from 1®°Sn bom-
barded by protons of 62 MeV; Figure 5 shows the corresponding spectrum :
for incident protons of 29 MeV., The small peaks at about ~ .8 and ~ .4 MeV, ;
excitation, respectively, in Figs. 4 and 5 are thought to arise from the i -

oxygen contamination of the target. The differential cross sections for the

elastic scattering of 62- and 29-MeV protons are listed in Table 4, and the %
differential cross sections for excitation by 62-MeV protons of states in gl
120gn at 1,16 and 2.39 MeV are listed in Table 5. (These levels were also g
seen for the 29-MeV incident protons.) The cross section for the 2.39 MeV

level was extracted from a combination which included at least two other

levels of excitation ~ 2,21 and ~ 2,63 MeV, though‘this is not apparent | §‘
in the excitation plot of Figure 4. Due to the difficulties in extracting
the cross section for the 2,39 MeV level, the relative uncertainty given
for it at each angle is * 25%. The Q-values listed are those extracted
from the experiment by adjusting ground-state values to zero, and are
estimated to be uncertain by * ,02 MeV. The 1évels of lowest excitation &

are in good agreement with a recent experiment using lower energy incident -

protons.4‘ Inelastic cross sections were not extracted from the data
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Table 4

A S RN b AR 4500 Al . 11 i i K457

Tabulated Differential Cross Sections

IBOSn(p’p)lﬂo‘Sn
Elastic Scattering

C.M.Angle Cross Section (C.M.) Uncertainty
(deg) (mb/sr) (%)
62 MeV
15.0 2150, 0.2
20,0 49,4 1.0
30.1 217.0 0.2
35.3 16,8 0.7
40.3 34,2 0.9
45,2 36.6 0.6
50.2 6.6 1.4
55.4 4.84 1.8
60.4 7.5 1.0
65.4 2,19 2.7
70.4 0.95 3.5
75.4 1.09 1.4
82.4 0.58 3.7
90.5 0.304 3.7
99.5 0.260 3.3
110,5 0,060 13.
135.4 0.019 11,
160.5 0.0037 30.
28.8 MeV
15,2 8465, 0.1
30.2 501, 0.3
1.8

125.,5 0.88
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Table 5

1305“([’9?')1203“

E = 62 MeV
P
c. M. C. M. C. M. C. M. 1
Angle Cross Section Uncertainty Angle Cross Section  Error i
(deg) (mb/sr) (%) (deg) (mb/sx) (%)
1.16 MeV Level 2.39 MeV Level

15.1 14,7 3. 15.1 14.5 25.

20, 6.7 3. 20,2 13.2 25,

30.2 3,22 2,1 30.1 5.6 25,

35.3 2.77 1.8 40,2 2.5 25.

40.3 0.83 6.5 45,2 1.24 25,

45,2 0.68 5.1 50.3 0.53 25,

50.3 0.9 3.8 55.3 0.73 25,

55.3 0.52 5.6 60.4 0.48 25, :

60.4 0.294 5.5 65.4 0.24 28, -

65.4 0.224 9.0 70.4 0.19 30,

70.4 0.203 7.8 75.4 0.18 35,

75.4 0.078 5.7 82.4 0.090 30,

82.4 0.081 10.

90.5 0.082 7.5

99.5 0.025 11.

110.5 0.032 19.

135.5 0.008 17.

160.5 0.0022 40,
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taken with 29 MeV incident protons since only a few angles were
represented. Unless otherwise stated, the errors shown in the data
tables are based on Poisson statistics and should be used in combination
with the overall systematic uncertainty shown in Table 2, The cross
sectionsin Table 5 (and Table 6 cited below) have been corrected for iso~-
topic purity in those cases for which uncertainties are listed as less
than 4%,

Fig. 6 shows the deuteron spectrum at 30 deg for inclident 63-MeV pro-
tons, and Fig. 7 shows the same for 29-MeV incident protons. Fig. 8, an
excitation plot of the data given in Fig. 7, is shown with neighboring chan-
nels combined in pairs, States in 18Sn were observed at 0, 0.71, 1.01, and
1.30 MeV, the lower excitation levels being in good agreement with the re-
ported level structure. Differential cross sections are listed in Table 6
for these states in *!'%8$n, It was impossible to separate the ground state
from the first two excited states of ''®Sn since the total separation of
the three levels is only 90 keV compared to the 180 keV energy resolution.
The cross sections listed for the ground state therefore contain whatever
cross section the next two states contribute, The cross sections for
the 0.71, 1.01, and 1.30 MeV levels were difficult to extract, so the
listed uncertainties for these levels have been increased above the level
given by Poisson statistics.

Figs., 9 and 10 show the differential energy spectra (integrated over
angle) of each observed particle type for the two bombarding energies, The
integrals over angle were obtained by using a trapezoidal quadrature formula

which assumed that the cross sections at zero degrees may be extrapolated

linearly against cos § based on thescross sections at the two smallest data

e s
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Cross Section
(mb/sr)

Table 6
13°Sn(p,d)1195n
Ep 62 MeV
C., M. C. M. C. M,
Augle Cross Sectiom Exrror Angle
(deg) (mb/sr) (%) (deg)
Ground State
(Q =-6.89 MeV) 15.3
15.2 5.05 4.8 20.2
20.2 4,01 10, 25.3
25.3 1.83 10, 30.3
30.3 1.62 2.9 40,5
40.4 0.48 8.4 50.5
45.4 0.42 6.1 55,5
50.5 0.31 6.9 60,6
55.5 0.18 9,6 65.6
60.6 0.143 7.9 70.6
65.6 0.128 12,
70.6 0,076 13,
75.6 0.057 6.6
82.6 0.042 14,
90.8 0.031 12,
99.8 0.018 13, 15.3
20.2
.T1L MeV Level gg:g
15,2 4.1 32, 40,5
20,2 2.4 30, 50.5
25.3 1.4 32, 55.5
30.3 0.87 30. 60.6
40.4 0.41 34, 70.7
50.5 0.21 34,
55.5 0,15 35,
60.6 0.15 30,
65.6 0.72 40,
70.6 0.047 17,

1.01 MeV Level

1.30 MeV Level

0.79
0.66
0.66
0.31
0,088
0.046
0,038
0.027
0.011

Error
)

U--(ﬁv I—

30.
30,
30.
30.
32,
35.
35.
50.
359
22,

35.
32.
32,
50.
35.
35,
35.
35,
38.
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angles, and that the cross sections at 180 deg are equal to the cross
section at the largest angle at which data were obtained., The assumption
at the lower end of the angle range is questionable. The uncertainties
in these graphs and in the corresponding tables cited below combine the
statistical propagation with the estimated uncertainty in the extrapola-
tion to zero angle. Tables 7 and 8 list the binned laboratory cross
sections integrated over angle for each particle type for 62- and 29-MeV
proton bombardment, respectively, in units of millibarns/MeV; the energy
listed is for the lower edge of each bin.

As observed above, Tables 7 and 8 are based on a quadrature formula
which extrapolates the cross section vs angle to cos § = 1, while
previous reports1 assumed a cross section constant below the smallest
angle observed. For most cases the difference in assumptions changed
the result by an amount comparable to the statistical uncertainty, but
for the proton spectrum in Table 7 the extrapolation changed the grand
integral by 34 mb because the proton ctoss section observed at 12 deg is
about twice the magnitude of that at 15 deg! 1Iu Tables 7 and 8 the
listed uncertainties are the rms combination of statistical uncertainties
and the difference between the two assumptions at cos 6 = 1. In the
case of the proton integral spectra, the systematic contribution is
dominant.

Table 9 shows the enevrgy integrated laboratory cross section in
units of millibarns/steradian, and the average energies in MeV, at each
angle, for the two iucident energies used. This table also lists the

low-energy cutoffs for the data from each angle. The total cross

sections in millibarns, average energy in MeV, and average forward
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Angle
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COE
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eV

(ab/sr)

o M

COE
(MeV)

£
(MeV)

(mb/sr)

o ¥ Ao

COE
{(MeV)

E
(Mev)

(mb/sr)

o * Ao
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(MeV)

(Mev)

COE o Ao
(MeV) (mb/sr)

E
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o x Ao
(mb/st)

-MeV Incident Proton Energy
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28.8-MeV Imcident Proton Energy
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™S
L
w0

11.1

20.4

11.2

18.2

o~

.
]
™~

16.

(%]

o =~

MmO

(K]
OO0

4 H 4

= 00
Lol

.

n o

.8 3.8 30.5 * 0.7
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17.9
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11,

16.5
15.3

n

0 re
L
nwn

0~
" s
~F

1.9

12.5

10.2 = 0.1

The uncertainties showm were derived from couanting warertainties, and are gemerally

tal cutoff energy (COE).

in Table 2.

imen
ies given

trum above the exper

ire spec

ixitegtals cover the ent

B These

unimportant compared with the systematic uncertaint

Elastic proton scattering has been excluded.
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Table 10
Integral Cross Sections®
_ b Lower Energy f
o Ao E pc cos 6 Limit ;
Particle (mb) _ (MeV) (MeV) (MeV) :
62 MeV
Proton” 811, = 7. 27.9 1.3 % 10° 2.0
Deuteron 95,1 + 0,6 29.9 2,0 x 10° 4.6
Triton 23,6 £ 0,2 22,6 1.8 x 10° 5.6 ;
Helium=3 3.34% 0,08 31.3 2,6 x 10° 13.2 :
4
28,8 MeV
Deuteron 56,5 £ 0,7 17.8 1.7 x 10° 4,6
Triton 12,5 # 0.3 15.8 1.8 x 102 5.7 1
Helium-3 0.20% 0,03 15.9 1.5 x 102 13.3 7
Alpha 14,8 + 0.3 18.5 1.5 x 102 11.2 .
3
2 A11 quantities have been summed above the indicated energy cutoffs, I
The statistical standard errors must be combined with the systematic
uncertainties in Table 2,

Average forward momentum

¢ Elastic proton scattering has been excluded.
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momenta in MeV/c, are listed in Table 10 for each incident energy. The
secondary proton cross sections listed do not inelude the elastic scat-
tering cross sections, while the cross sections for the other secondary
particles include all observed events, Since not all spectra have the
same lower cutoff energy, results from Individual angles were rebinned
in a rather complex way. For the 62-MeV data, 7 angles were included

ir even the lowest energy bins; and for the 29-MeV data, 3 angles were

included in the lowest bin.
Tables 1l through 15 list for each angle the laboratory cross

section for proton, deuteron, triton, helium-3, and alpha particle

production from 62-MeV incident protons on }*2°Sn, averaged over 0.4-MeV

wide bins at low energy and 1-MeV wide bins elsewhere, in units of

millibarns(steradian—MeV)-l. The bin energies listed are for the centew
of each bin. Tables 16-20 list analogous cross sections for 28,8-MeV '

incident protons. All tross sections are listed for energies above the

cutoffs shown in Table 9.
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