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ABSTRACT

16 16

The 0 + 770 total reaction cross section was measured at six
energies between E_ = 6.80 to 11.85 MeV near the astrophysical
region of interest. Angular distributions and cross sections for the
production of protons, alphas and deuterons were obtained with

counter telescopes in a differentially pumped gas target. No BHc or

3H were observed. Cross sections for the formation of 318 and

3OP were measured by detecting the betas from their radioactive

decays. The angular distribution and cross section for production of
neutrons was obtained with a '"long counter' at Ecm = 12 MeV,

demonstrating that the 16, (160,pn) process accounts for over 90 %

of the 30P formed at this energy. The presence of such three body

breakup reactions made the experimental determination of the total

cross section difficult. Finally, the 16O + 16O 185 (g.s.) +

2ONe {(g.s.) reaction was studied with a coincidence technique at

Ecm = 12 MeV,

Gamma spectra were taken at several energies for a number of

targets using Ge(Li) counters. Gamma lines from nuclei produced in

both two and three body exit channels from 16O + 16O reactions were

observed. In addition, the gamma yield as a function of bombarding

16 6

0 +2°0 and

energy was measured in 50 keV (C.M.) steps for both
120 + 12C. The 16O + 160 gamma yield is smoothly varying,
indicating that the 160 + 16O reaction cross section does not have

large fluctuations with energy similar to the structure seen in
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120 + 120 reactions,

Nearly all cross sections were measured relative to the
165 + 185 glastic scattering at @, = 45° to avoid the problems
with direct current integration of heavy ion beams in gas targets.
A new, more precise determination of the elastic scattering cross
section at O = 90° was made for B = 7.3 to 1h.4 MeV in steps
of 100 keV (C.M.). A previously unknown anomaly was observed near
Ecm = 10.5 MeV, Elastic scattering cross sections were also obtained
T 5 12

for C C in steps of 60 keV C.M. energy from Em = 3.9 to

8.0 MeV at ecm = 90°. In both cases, gas mixtures were used in the

differentially pumped system as the target.
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INTRODUCTION

The Problem

16 6

A study of the o+ i O reaction was made at energies near
and below the Coulomb barrier (ECm =7~ 12 MeV) because of its
possible importance in astrophysics. Cross sections to all exit
channels as a function of energy are the quantities of interest for

astrophysics, and numerous experimental techniques were employed

to measure these cross sections.

The astrophysical interest in this reaction is related to the
quest to explain the obgerved elemental abundances. Nucleosyn-
thesis is presently believed to occur in large bodies of gas (stars,
the primeval fireball, etc.). In high temperature regions of these
bodies Hydrogen is converted to Helium, Helium to Carbon and
Oxygen, and these to heavier elements up to the iron region.
Specifically, conditions are currently envisioned (T = 2 - 4 X 109 OK,
8

p~ 105 - 10 gm/cm3 and time scales of seconds to days) at a cer-

tain evolutionary stage in some stars where Oxygen is present in
160 16

large quantities and burns by + " 70 nuclear reactions.

Quiescent Oxygen burning in evolved stars was studied by
Cameron (1959) and Tsuda (1963). The important exit channels for
these calculations and the respective estimated branching ratios

31 30 28

were > 'S+n 10%, P +p 50%, -USi+2p 10%, Z4%sita

30% at Ecm = 5 MeV. (The interaction radius used to compute
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the o + O total reaction cross section varied from 7 to 9 fm.)

The physical conditions in the star were a central temperature of

T~1.3%10°°

105 - 107 years. The main products of Oxygen burning were the

a-nuclei 24Mg, 2881 and 328.

K, a density of p ~ 105 gm/cm3 and a time scale of

The inclusion of a number of neutrino formation processes
by Fowler and Hoyle (1964a) for temperatures above about 1 X 107 °r
altered the previous conclusions. Higher burning temperatures are
required for quiescent Oxygen burning in order to counterbalance
the neutrino energy losses from the star. The particular physical
conditions considered were a star of total mass M * 10 solar masses,

90

temperatures of Te 2,1 - 3,0X 10° "K and time scales on the

order of days. Above T ~ 3 X 109 °kK photodisintegration of the
Oxygen via 16O(y,cx) reactions was expected to become important,
limiting the temperature range for Oxygen burning. Chiu (1968,
1966) also considered this case for a more massive star (M ~ 30

9 OK. In

solar masgses) and a similar temperature T ~ 2.5 X 10
addition, a number of Oxygen burning stellar models were con-

structed by Rakavy, Shaviv and Zinamon (see Rakavy (1967a,b,c)).

Truran and Arnett (1970) discussed nucleosynthesis in
explosive Oxygen burning as a means of producing elements with
14 = Z = 20 from supernovae. They were able to reproduce both

the elemental and isotopic abundance features observed in the solar

system for these nuclei by assuming densities of 105 Sps 106

gm/cm3 and a restricted temperature range about T = 3.6 X 109 °K.
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The time scales were on the order of seconds to minutes. Truran
and Arnett speculated that the Oxygen burning might occur in a shell

of matter not necessarily at the center of the supernova (see also

Arnett (1969a,b)).

Most of these reactions do not occur at Ecm = kT e 250 keV
because the cross section at this energy is extremely small., Instead,
the majority take place near Eo’ which is the energy at the maximum

of the product

<Maxwe11—Boltzmann distribution) (Coulomb barrier penetration)

of 16O energies factor for 16O & 16O

The full energy width at 1/e maximum of the distribution of the
number of reactions occurring is A (see Fowler and Vogl (1964b)
or Fowler, Caughlan and Zimmerman (1967)). For 16O 4 16O

reactions at T = 3 X 109 .

Eo=8.1MeV A =3.4 MeV

Most astrophysical nuclear reactions have a cross section
too small to be measured at or near the corresponding Eo. Conse-

quently, cross sections must be extrapolated down many orders of

6 6

magnitude to the vicinity of Eo' A very unusual feature of + o+ . 0]
reactions is that they can be measured over part of the energy range
where they are important astrophysically. This means that it is not

mandatory to have the high precision normally needed for extrapola-

tion of the cross sections to lower energies. It is also quite fortunate
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since the large number of open exit channels and the presence of

three body breakup reactions make the experimental determination

of the total cross section difficult.

The 16O + 16O reactions are also interesting from the point

of view of nuclear physics. Heavy ion reactions are quite complicated
because of the large number of nucleons in both target and projectile.
Yet considerable information on nuclear structure of the heavier
elements has been derived from heavy lon reaction data. EKElastic

and inelastic scattering, Ericson fluctuations, transfer reactions

and excited state lifetimes are commonly measured. However, few
heavy ion reactions have been studied to derive cross sections and
angular distributions for all exit channels present. Such a task is
monumental at energies far above the Coulomb barrier where there
are a large number of open channels, and normally reaction cross
section measurements are confined to cases where at least one
reaction product is radioactive., A thorough study has been made

12C + 1ZC system and

at sub~Coulomb barrier energies of the
strong cross section fluctuations were observed (see Almqvist
(1960, 1963), Bromley (1960, 1961) and Patterson, Winkler and

Zaidins (1969)). Weaker structure has been seen in 12C + 16O, but

1.E)O ok 16O case in the vicinity of the

none was apparent in the
Coulomb barrier. These facts have caused considerable theoretical
regsearch to understand the origin of these fluctuations (see Davis

(1960), Vogt (1960), Kompaneets (1961), Wildermuth (1961), Imanashi

(1969), and Michaud (1969)), and a thorough study of 16O + 1‘50



= O
reactions near the Coulomb barrier would be useful to compare with

12

120 4124,

The Expected Results

Before discussing the experimental methods, the results will
be anticipated using ideas from elementary quantum mechanics and
simple compound nucleus theory. This will provide a basis for
understanding the experimental methods used and the choice of the

various quantities measured.

In astrophysical calculations a cross section variation of the

form

S(E
o(E) = %%-l exp (-2wn - gE),

where

it i 2 [ 2amR3
n_ﬂvrel &= 3% ZZeZ
1%

is often assumed. Vel is the relative velocity of the incoming
particles, R 1is the interaction radius, M 1is the reduced mass,
and E is the center-of-masas energy. The relation follows from
the WKB approximation for a charged particle with orbital angular
zez/r

for >R and =0 for r< R). The factor E(E) contains the

momentum L = 0 penetrating a Coulomb barrier (V = ziz

energy dependence from purely nuclear effects, as well as from

nonnuclear effects not properly taken into account by the exponential.
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E(E) is usually assumed to be nearly constant if there are no
resonances in the nuclear system. The final measured cross sec-
tions are used to obtain S (see the Conclusions Section). However,
most of the measurements were made at energies not very far below
the Coulomb barrier (Ecm ~ 10,5 MeV, R ~ 8.8 fm), where the
exponential factor does not give a good approximation to the barrier
penetration energy dependence. Furthermore, for 16O + 16O
reactions there is a considerable angular momentum involved (classi-
cally, L= 6 at E__ = 12 MeV), so some variation of S with E

is not unexpected. Using the equation above, the drop in cross

section from Ecm = 10.5 MeV to the lowest energy measured,

Ecm = 7 MeV, is about a factor of 5000.
16 16
The exit channels available to O + "0 reactions up to
Ecm = 12 MeV are shown in Figure 1. Note that there may be

competition between compound nucleus formation and direct reactions.
In the former case the 32 nucleons momentarily form 325, the com-
pound nucleus, The energy becomes spread among the constituent
nucleons so that there is no "memory" of the incoming channel.

Then one or more particles "evaporate"” from the compound nucleus.

In the case of direct reactions the 328 intermediate state is not

formed, Examples of the latter are perhaps 12'C + 20

24Mg + 8Be (2a-transfer). The neutron and proton transfer

channels 15O + 17O and 15N % 17F are open only at the highest

Ne (a-transfer)

and

bombarding energy used. Buchler (1969) calculated that less than

160 16

20% of the total i O reaction cross section could be accounted



Figure 1

165 + 65 Exit Channels.

A1l 16O + 16O exit channels with Q> -10 MeV and v transitions

from low lying levels in some residual nuclei are shown.
Additional exit channels not illustrated are

Bsi +p + t Q = -10.222 MeV
2931 + 2p + n -10.229
285: 4+ 4o + n -10.985
23Na + p + 2a -12.084

A1l Q values were computed from the mass table of Mattauch (1965)
and the range of energies studied was Ecm = 7 to 12 MeV. Levels

for the 120 + 20Ne exit channel correspond to excited states in
both nuclei,
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for by the a-transfer channel, so compound nucleus formation is

expected to be important,

The energy spectrum of light particles b "evaporating"
from the compound nucleus can be estimated from Blatt and

Weisskopf (1952)

#(E) + dE = const * E + ¢ _(E) * w(E__ ) - dE

Y

Here Eexc is the excitation energy of the resulting nucleus Y
corresponding to E, the total C. M, kinetic energy of the outgoing
particles b + Y, The value of Ry is the cross section for forma-
tion of the compound system by particles b incident on the target
nucleus Y and can be expressed in terms of charged particle or
neutron penetrabilities. The level density in the nucleus Y was
taken to be that of a Fermi gas with angular momentum I = 0:

_ const s
wY(Eexc) - E e (2 aEexc) 4

exc

with a = 4 MeV"1 (see Bohr and Mottelson (1969), especially page
187 and Fig, 2-12). The computed neutron, proton and alpha spectra
with thresholds for secondary reactions are shown in Figs. 2 - 4.

It is evident that three body breakup reactions may have large cross

sections, especially at the higher bombarding energies.

The Coulomb barrier Ecoul for the mass region A ~ 30,

Z ~ 15 for protons is about 2.5 MeV and for alphas is about 4.5 MeV.
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Figures 2 - L

Neutron, Proton and Alpha Evaporation Spectra

From 160 + 160.

The 0.M. spectra of 1ight particles emitted from 00 + 1%

reactions was calculated on the basis of a compound nucleus
model at E ., =16, 20 and 2l MeV (see the text page 9 ).

Al1 particles with energies less than the indicated three body
thresholds leave the residual nucleus with sufficient energy
to permit a second evaporation.
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A useful quantity to compare the different exit channels is Q .. =

Q- Ecoul’ With these values and the computed particle spectra,

the branching ratios can be estimated. The 323 compound nucleus

will probably emit roughly equal numbers of protons and alphas

(the alphas will compete because the positive Q wvalue is higher for

28

Si + @ than g g P, counterbalancing the larger EC for

oul

alphas -- i.e., Qeff ~ 5 MeV for both), with somewhat fewer

neutrons (Qeff ~ 1,5 MeV), still fewer deuterons, etc. Thus the

main nuclei Y left after the first evaporation should be 31P, 288'1,

and 318. Some of these will have an excitation energy above a
particle breakup threshold and will generally have a second evapora-
tion. For example, those 318 will go to 3OP +p, and 2881 prefer-
entially to 27Al + p and somewhat less to 24Mg + a, etc. in the
same way as before. These arguments based on Qeff suggest the

following "branching ratios"” for a bombarding energy corresponding

to E ~ 12 MeV:
cm

Exit Channel Q Q¢s "B.R,"
285i +a 9.592 MeV + 5 MeV lots

Mp iy 7.676 +5 lots

Mg 44 1,448 +1.5 some
30si + 2p 0.388 - 4.5 i
Mo+ - 2.412 =5 some
2951 + 3He - 2.510 - 7 little
0p 4p ¢4 - 4.636 -7 Yok
27A1 +tp ta -1.991 -9 some
2AMg + 20 - 0.390 - 9.5 ST
£ 44 - 7.478 - 11 very little

125 % 20e ~ 2.431 some (?)
Everything else <-11.5 ~ none
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The Experimental Methods

A large proportion of these exit channels involve one or more
light charged particles. Angular distributions and cross sections
for the production of protons, deuterons and alphas were measured
using counter telescopes. This technique, described in the Charged

Particle Section (page 62 ), provides the bulk of the cross section

data.

3

Two radioactive nuclei, 30P and 1S, were produced by

16O + 16O reactions. Cross sections for their production were
measured by counting the emitted beta particles as a function of
time after the beam was turned off. The decay curves were analyzed

using the known halflives to separate the two activities., Experimen-

tal details and results are given in the Activation Section (page 109 ).

A cross check between the previous two methods was afforded

by the set of channels

30 31

P +d 30P+p+n S+tn.

In the Neutrons Section (page 11 ) is described a determination of
the neutron production cross section using a flat response detector.

The cross check
0(30P) + 0'(315) = o(d) + o(n)

is established and conclusions on the number of three body reactions

are made,
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The 120 + 20Ne exit channel cannot be studied with the

previous techniques. Its branching ratio is hard to estimate theo-

retically because it may be a direct reaction, yet both 16O + 16O e

2 12 20 160 16

1?‘C + 0Ne and the inverse C + ""Ne — + " "O may be of

astrophysical interest. Thus, the angular distribution of the former

reaction leading to the ground states of 12C and ZONe was meas-

ured using a coincidence technique (see 1?‘C + 2ONe Production

Section, page 152). No data on the total cross section to excited

states were obtained.

A number of important semiquantitative results were also

160 + 16

obtained from the vy's emitted in O reactions. The

Gammas Section (page 42 ) presents results which roughly verify
the expected branching ratios., In addition, measurements of the

160 16

total y emission from + 7O were made at narrow energy

steps (A Ecm = 50 keV). No evidence for structure similar to that
in the 12C + 12C reactions was seen, so large steps in bombarding

energy for the reaction cross section measurements were justified.

All cross sections were measured relative to the elastic

16O + 16O, because direct current

scattering cross section for
integration of heavy ion beamas, especially in gas targets, always
presents problems and was completely avoided except for thé

12C + 20Ne measurements. The Gcm = 90° relative maximum
in the 16O + 16O Mott scattering angular distribution provided a

convenient and easily reproducible point to use for the normalization.

Although there are elastic scattering cross section data at this
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angle In the literature, a new, more precise determination was

made for Ecm = 7.35 ~ 14,35 MeV. The Elastic Scattering Section

(page 18 ) describes these experiments.

The large number of exit channels and energetically accessible
excited states in the reaction products made it very difficult to ex-
clude contaminant reactions. Therefore a differentially pumped gas
target of high purity 02 was used whenever possible. The low
target density was partly compensated for by the much higher beam
currents possible in an open gas target. Also, energy losses and
target uniformity are more easily controlled in such a system. The
target design is described in the Elastic Scattering Section (page 21).
Several examples of problems that can arise from solid targets are

given in the Actlvation Section.

Finally, two appendixes contain 12C s 12C Yy ray and elastic

16O €3 160 case, Striking

scattering data to compare with the
differences can be seen between Figures 9 and 42 and in Figure 12,

The final cross sections are contained in Table 15 of the Conclusions

Section.
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ELASTIC SCATTERING

Introduction

Some means of determining the number of incident and target
nuclei was necessary for measuring 160 + 16O reaction cross
sections. Direct integration of the beam current is often used to
obtain the number of incident particles, but this is difficult for heavy
ion beams because of the uncertainty of the beam's charge state dis-
tribution after passing through the target. Thus the relationship
between the current and the number of particles per second is poorly
known. Another solution was to determine the heat deposited by the
beam with a calorimeter. However, elastic scattering of the beam
from the target region gives a more direct measurement of the com-
bined beam intensity and target thickness. The reaction cross section

can be written as

dv) o d(T) . (# reaction products)
daf elastically scattered
reaction elastic
particles
scattering

with the constant of proportionality depending on geometrical and
kinematic factors only. This method was used for determining
nearly all the 160 + 16O reaction cross sections, requiring a knowl-

edge of the differential cross section for elastic scattering.

The elastically scattered 16O nuclel were always detected

at & __ =90° (8

= 45%), This angle was chosen because the Mott
cm lab
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scattering has a relative maximum there for all energies with a
differential cross section just four times the Rutherford value, and
because the angle could be easily located experimentally., As a test

of the differentially pumped gas target system, the elastic scatter-

160 16

ing of + 70O was measured at ecm = 90°, Our preliminary

results disagreed with values in the literature (Bromley (1960, 1961))
near the Coulomb barrier, so more complete data with higher pre-

cision were taken,

In these experiments the 160 nuclei were scattered from a
mixture of Oxygen and Argon gas and were detected with the same

counter and collimation as in the other charged particle measure-

160 16

ments. The ratio of + 770 elastic scattering to pure Rutherford

scattering (160 + 40Ar) was obtained from a ratio of counts in the

one detector at © = 45%, The difference in the angular distribu-

lab
160 + 4

tions for 16O + 160 and OAr near © 45° required

lab ~
special precautions to keep the angle constant and to obtain repro-
ducible data with good statistical accuracy. Data were taken from
E__ = 7.3~ 14.4 MeV in steps of 100 - 250 keV (C.M.) with O*"
and O5+ beams of 3 to 7 pa from the CIT - ONR tandem accelerator.
The energy distribution of the beam in the target region was estimated
to have a FWHM of < 60 keV (C.M.) that arose from target thickness
and straggling. The position and incident angle of the beam were
continuously monitored. Final data are given in Table 1 and Figure

9. Each data point in the region 9.5 - 11.5 MeV (C.M.) represents

4 to 6 different measurements of at least 40 minutes total counting



- 20 -
time. The results show that the 90° (C.M.) cross section is not as

smooth near the Coulomb barrier as formerly thought.

16 6

Previous elastic scattering data for o+ . O were taken

by Bromley, Kuehner and Almqvist (1960, 1961) for Ecm = 5,0-17,.5
MeV at angles of ch = 380, 580, and 900 using a solid target, Over
part of this energy range Carter, Stelson, Mehta and Bernard (1965)

16O + 16O elastic scat-

searched for fast changing structure in the
tering at O = 48°, 58°, 80°%, and 90° with a differentially pumped

gas target. Carter, et al. reported general agreement with Bromley,
but no new absolute differential cross sections were given. At higher
energiles, Ecm = 10 - 35 MeV, Maher, Sachs, Siemssen, Weidinger

and Bromley (see Slemssen (1967) and Maher (1969) made measure-

ments of angular distributions and excitation functions and found

strong resonance structure.

16 6

Recently there has been theoretical interest in the o + A o
elastic scattering. Rickertsen, Block, Clark and Malik (1969) used

a nuclear molecular potential to fit the differential cross sections at

6 = 49°, 60°, 70°, 80°, and 90° for E__ = 10 to 22 MeV. Brueckner,
Buchler and Kelley (1968) and Chatwin, Eck, Richter and Robson
(1969, 1970) tried to fit the 90° excitation function and some angular
distributions for Ecm = 10 to 15 MeV. In both cases the experimen-
tal data of Bromley were used to compare to the theoretical fits,
since no other data were available in this energy region at that time.

Block and Malik (1967) discussed the resonance structure observed

at higher energies in the data of Maher, et al., and the problem of
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the nuclear surface in connection with heavy lon scattering was dis-

cussed by Gadioli-Erba and Sona (1969).

The Differentially Pumped Gas Target

The differentially pumped gas target system is shown in
Figure 5. The target chamber was 29.3 cm I.D. with 6.4 mm thick
steel walls, The first canal was between the chamber and the Roots
pump and was 6.4 mm I.D. by 2.5 cm long. The second was 3.6 mm
I.D. by 10,2 cm long and the third was 9.5 mm I.D. by 12.0 cm
long. At each end of the second canal was an 0.5 mm thick tantalum
collimator 2.5 mm in diameter which was responsible for determin-
ing the size of the beam in the chamber, Using the light produced
by the beam in the gas, it was checked visually that the beam did
not hit the sides of the first canal. A set of adjustable slits, set at
a total width of 4.1 mm and separated from the second canal by
104 cm, gave a maximum permissible angular deviation of #* 0. 18°
in the beam relative to the central axis of the system. Initial align-
ment of the canals was performed with a telescope zeroed on these
slits. Attached to the first pumpout was a Roots pump with a pumping
speed ofb about 70 liter/sec at 0.2 torr. The second pump was a
1200 liter/sec diffusion pump with a cold water baffle and the third
one was a 750 liter/sec diffusion pump with Freon-22 baffle. The
largest absolute pressure drop was across the first canal because
of the high capacity of the Roots pump. The pressure in the gas tar-

get was measured by a 0 - 20 torr Wallace and Tiernan precision
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Figure 5
Schematic of the Differentially Pumped
Gas Target.

The parts of the differentially pumped system are drawn to the
scale shown., The beam entered the target through three canals

5 torr in the region of the
slits, ZE.O"h torr between canals 2 and 3, 0.1 torr between
canals 1 and 2, and 3 torr at the gas inlet, Several detectors
were normally in the target chamber. The monitor (45°) counter
was mounted on the inner aluminum cylinder in the chamber bottom.
A teflon sleeve and two O-rings permitted it to rotate without
breaking the chamber vacuum. Another counter could be mounted
on the brass rod which rotated inside this aluminum cylinder,
The counter telescopes were rigidly connected to the lucite top,
which could alse be rotated without breaking the vacuum because
of another teflon sleeve and pair of O-rings.

with typical pressures of 10~
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anerold gauge, checked against a MclLeod manometer.

The energy loss of the beam before arriving at the target
chamber center was estimated by taking the full chamber pressure
from the target region to the middle of the first canal and zero pres-
sure beyond. With this approximation, the beam traversed 7 cm in
the gas before reaching the center of the chamber. For pure 02
gas at a chamber pressure of 3 torr, using Northcliffe's (1963)
energy loss curves, a 22 MeV 16O beam would lose about 320 keV
before reaching the target. The straggling would be about 40 keV
(FWHM). For a target length of 3 mm seen by the detector the target
thickness would be about 14 keV (lab). The target length for the

counter telescopes described in the Charged Particles Section was

roughly an order of magnitude larger than this.

In the measurement of reaction cross sections, ultra high
purity (> 99.99 % by volume) O, gas was flowed through the chamber
at about 20 liter atm/hr for a chamber pressure of 3 torr. Small
leaks, outgassing, and pump oll backstreaming were estimated at
<ax 1073 liter atm/hr total. The ratio of the number of hydrogen
atoms to the number of oxygen atoms in the chamber was estimated
to be < 5 X 10“3 from the observed hydrogen recoils from 16O + 1H

elastic scattering seen in forward angle proton spectra.

Light was emditted as the beam passed through the gas. The
current from a photomultiplier viewing this light was used as an

indication of the beam intensity, especially for purposes of focusing



= PE

and steering the beam into the target chamber. The photomultiplier
current was proportional to the beam current within a factor of two
over the entire energy range used in these experiments. Direct

current integration with gas in the chamber was not attempted.

In a gas target there is an angle at which the number of counts
from Rutherford scattering is independent of angle for a given detector
collimator configuration. This useful fact was employed in part for
monitoring the beam's angle in the chamber during the elastic scatter-
ing measurements. It was also used for the experimental determina-
tion of the ratio of geometrical factors for two different counters (see

Charged Particle Section, page 70 ).

In a gas target the number of counts N in a counter is pro-

portional to

N e soli%gngle) . (gas if‘:ngth) . (cur;ent) . (cro;:/z&ction ]

Two defining collimators are needed per counter to restrict the length

of the beam path seen. For a counter at elab = 90°
X, = dﬂ=(QL)9oo=A- w/d « D

with A = area of the back collimator, w = width of the front slit,
d = distance between collimators,and D = distance from the beam

line to the far collimator. At other laboratory angles

L+ dQ= (QL) 90o/si‘n 0ab?
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because the path length seen by the counter increases. In the special

case of pure Rutherford scattering of light particles by heavy targets

do % 1/oim (22)

so the angular dependence of N is

N 4 B
4/ "lab
sin elab si ( > )
and
dN 2 elab o
& — =0 for tan’(—322) =5, o =132°.

Therefore, the number of counts N is nearly independent of angle
for elab ~ 132° and pure Rutherford scattering of light beam parti-
cles on heavy targets (see Dwarakanath (1968)). Making corrections

for the mass of the bombarding particle M, 6, and of the target M

1’ Z*

the corresponding angle is a solution of the equation

2 M, \?
0 = B = sin Glab * 9 T ZO(—M-—>

2
= 2 4
M
+ N g, . s z4<——-1-> 3 16<——N—Ii)
1ab M M
L 2 2
- 4
sin b I\/“[2 *

In the particular case of 16O on 40Ar the correct angle is 135, 6°

instead of 132°, causing a difference In the number of counts of
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< 0.,7%. Figure 6 plots the value of elab as a function of M ,/M

1 2°

Experimental

The 16O + 16O elastic scattering was measured using

various mixtures of ultra high purity Oxygen and Argon gases in the
differentially pumped target., The ratio of pressures was typically
O2 tAr=3:1 to 1:1, A speclal gas mixing bottle was used to
make sure that the gases were well mixed (to within * 0,25%).
Mixtures containing a larger percentage of O2 were employed
especially at higher energies where the ratio of elastic to Mott

scattering was less than 0,9,

Heat deposited along the beam path may cause changes in the
gas density and perhaps in composition. Since only a ratio of counts
was used for elastic scattering cross sections, density changes were
unimportant, The continuous gas flow in the chamber also reduced
composition changes along the beam path. Typical beams in the
chamber varied from 3 - 7 pa of O4+, corresponding to a loss of
0.13 to 0,30 watts /cm. It is estimated that these differences in heat

loss could lead to << 0.1% changes in the gas composition.

The energy loss of the beam before reaching the target region
was determined experimentally using elastic scattering. The scat-
tered particles' energy was measured for chamber pressures of 3.0
and 0,5 torr. Correcting for the 10,8 cm of gas between the target

and counter, and using the measured energy shift, the energy loss
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Figure 6
Special Scattering Angle vs. Mi/M2‘

The laboratory angle at which the number of counts from pure
Rutherford scattering in a gas target is independent of angle
is plotted against the ratio of the incident to the target
masses M, /M, (see the text page 26 and Figure 7). No such
angle exists for Ml/M2 >1.0,



-
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of a 23 MeV 16O beam to the center of the target was found to be

330 + 60 keV (lab). Using Northcliffe's curves (1963), the energy

loss and straggling are 310 keV and 40 keV (FWHM, lab) respectively.

The elastically scattered particles were observed simultane-
ously with three solid state counters (see Figure 7). Two were
placed on one side of the beam to check on its position in the chamber:
One counter was at 132°, where the number of counts is nearly inde-
pendent of angle, and the other was at a forward angle (elab R 240) .
where the count rate 1s a strong function of angle. The ratio of the
16O beam particles scattered from the Argon gas into the 24° counter,
N{Ar, 240) » to the number entering the 132° counter, N(Ar, 1320) ;
changes by about 20%/degree and is a good indicator of beam angle
changes. Experimental values of this ratio agreed within the statis-
tical fluctuations expected from the numbers N(Ar,24°) and
N(Ar, 1320). The standard deviation in this ratio was * 1,.6%. This
indicated beam angle changes of less than =* 0.08%, whereas the
geometrically allowed change was #* 0, 18°. Furthermore,

N{(Ar, 240)/N(Ar, 1320) provided a check on whether or not the scat-
tering of 160 from Ar was purely Rutherford at higher bombarding

energies, Deviations were found above E = 27 MeV; however,

lab
the ratio N(Ar,24%) /N(Ar,45°) did not change up to the highest

energies measured. Thus N(Ar,45% was taken to follow the 1/}*'_3‘2

law over the full range of energies used.

The third silicon detector was at © = 45° on the other side

lab

of the beam from the 24° and 132° counters. (This same counter and
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Figure 7
Arrangement of +the Counters for the
Elastic Scattering Measurements.

The actual elastic scattering data were taken with the 45°
counter, but the other two detectors were used simultaneously
to check for variations in the incident beam angle (see the
text page 30 ). Also shown is the relative number of
scattered protons calculated for p + Ar Rutherford scattering
as a function of laboratory angle in a gas target (see the
text pages 26 and 70 ).
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collimator arrangement was used to monitor the target thickness
and beam intensity in the other charged particle measurements.)
Its collimation was #* 0,67°, The correct angle of this counter
relative to the beam was determined by taking data in L steps over

160 + 160

a set of éngles near 0 = 45°, In the Mott scattering of

lab
the number of 16O scattered from 16O nuclei into the 45° counter,
N(O,45°) exhibits a relative maximum when the counter is at 45°
(see Figure 8). (The actual angle is about 44.9° because of the
variation in the center-of-mass solid angle conversion factor with
angle.) However N(Ar,45%) varies monotonically with angle, so
the ratio N(O,45°)/N(Ar,45°), which gives the final data, has a
maximum at an angle slightly greater than 45, 0°. This difference
was found to be 0.5%, In good agreement with calculations. In order
to decrease the influence of small changes in the beam angle on the
results, the counter was set between the two maxima at 45. Zo
relative to the beam. N(O,45,2°) differs from N(O,45.0°) by less

than 1.3%.

All elastic scattering and recoil peaks in the spectra were
well separated. These spectra from each of the counters were stored
in multichannel analyzers, and the counts in the peaks were summed

later and used in the data analysis.

Results

The theoretical angular distribution for pure Mott scattering

is given by
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Figure 8

Mott Scattering Angular Distribution

Calculated for Y00 + 19,
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21 2 cos (nlntanz—g)
LS Ay 20 20

cos =

. 2
where

o el
n= 2% /hvrel

0 = center of mass angle, and I = nuclear spin = 0 in this case. The
interference term causes relative maxima and minima in the angular
distribution (see Figure 8), and these change in angle with energy.
However, at Gcm = 90° there is always a relative maximum and
constructive interference, and the Mott prediction is just four times
the pure Rutherford value there. That fact makes this particular
angle ideal for monitoring beam intensity and target thickness In the

160 16

case of the + O reactions.

16 6

The ratio of the O+ 1 O elastic scattering to Mott scatter-
ing at ecm = 90° is shown in Figure 9. Almost all points are the
average of 2 to 6 measurements, or about 5 - 80 minutes counting
time, Data in the region ECm =9,5- 11,5 MeV are the results of

4 to 6 such measurements. These data were taken In several passes
over the energy region covered to average out possible changes in

the incident beam angle. A statistical analysis of all the results

demonstrated that the beam angle was always within * 0.08° of the



- 37 -

Figure 9
16O + 160 Elastic Scattering.
The ratio of the differential cross section for 160 + 16O

elastic scattering at ecm = 90° 4o the Mott scattering cross
section is plotted. All errors are total errors (see Table 1).
Energy losses in the gas have been subtracted and produce an
overall uncertainty in the energy scale of + 50 keV (C.M.).
Data plotted as solid circles are exhibited on an expanded scale
as well,
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correct value, Changes In the intensity distribution of the beam
across the entrance collimator, changes in the gas pressure, or
rapid fluctuations in beam current affecting the dead time of the
electronics, did not influence the results, This was because the ratio
N(O,45°) /N(Ar,45°) was obtained from one counter alone. There-
fore, the error bars on the data of Figure 9 and Table 1 correspond
only to statistical errors calculated from the total number of counts
at each energy and the uncertainty in the normalization constant.

The energy loss was taken to be the measured value of 330 % 60 keV
(lab) at Elab = 23 MeV and was extrapolated to other energies using
Northcliffe's curves (1963). An overall uncertainty in the C,M.
energy scale for all points of #* 50 keV is estimated from the energy
loss correction. The elastic scattering results permitted another
check on the energy loss to the 16O beam before reaching the target.
The ratio N(OZ,45°)/N(A1~,45°) was measured with 3.1 torr and with
0.7 torr chamber pressures at Ecm = 11.7 MeV, on the steep portion
of the curve in Figure 9. The change in the ratio indicated a total
energy loss before the target of 250 = 100 keV, in agreement with the

other, independent technique.

The average value of N(O,45°)/N(Ar,45%) for E__ = 10.0
MeV was used to normalize the data of Table 1 to 1.00 below the
Coulomb barrier. The normalization factor agreed to within 2%
with the value calculated for pure Coulomb and Mott scattering from
the mixing ratio of the gases, The small difference i8 well within

the uncertalnty in the gas mixing percentages.
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The numerical values of the data presented in the paper of

Bromley, et al. (1961) are no longer available. Therefore, points
were read off Figure 13 of that paper and then compared to values
in Table {. When this was done, the data of Bromley, et al. seem
to be shifted up in energy by 150 - 250 keV (C.M,) from the gas
target data for points above the Coulomb barrier. Part of this shift

may be the result of reading the values from Figure 13,

However, it is also believed that the values of Bromley et al.
should be shifted to lower energles by 50 - 100 keV (C.M.), or more,
based on more recent energy loss information. The targets were
quoted to be "~ 100 p gm/crn2 thick" SiO foils with an estimated
energy loss of "~ 250 keV" (C.M.). The curves of Northcliffe (1963)
predict an energy loss of 350 keV (C.M.) at Elab = 24 MeV for such
targets. With the larger energy loss estimate, the older data should
be shifted down by 50 keV (C.M.) (half the error in the target thick-
ness, since an average energy loss over the target is‘used). If the
foils were actually 130 pgm/cmz, the predicted energy loss is 450
keV and the corresponding shift is 100 keV. Note that the data in
Table 1 are shifted down in energy from the data of Bromley, et al.
even without the correction for energy loss of the beam before

reaching the target region.

Moving the energy scale down by 100 keV for the data of
Bromley, et al. gives agreement within one standard deviation with
the gas target results at energies above Ecm = 13 MeV; the older

data are about 5 to 10% higher for E_, = 1t.5- 13 MeV. This is
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adequate agreement within their estimated errors, and the precision

their values can be read from their Figure 13,

16 6

More recently, Maher, et al. (1969) measured the o+ 1 (o
elastic scattering at O__ = 90° from E__ =10 to 35 MeV using a
SiO foil target. Both particles were detected in colncidence., A
fairly thick target was used by Maher in order to get sufficient yield
at higher energies. These values are systematically shifted up in
energy by about 250 keV C.M. from the gas target data. They are
also shifted up in energy from Bromley's (1961) data. The reason
for these discrepancies is not certain, but may be the result of poor

knowledge of the solid target thickness and the energy loss, The

gas target energy loss is believed to be well known,

The 16O + 160 elastic scattering curve should be compared

to the one for 12C ¥ 12C taken with the same apparatus (see Appen~
dix I). The elastic scattering minima in 12C + 12C correspond to
maxima in the reaction cross section and in «, p, n and vy yields,
The lack of such structure in 16O . 16O elastic scattering (except
for the single anomaly near Ecm = 10,5 MeV) suggests there may be

a corresponding lack of fluctuations in the reaction cross section.

See the Gamma Rays Section for a further indication that this is true.
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GAMMA RAYS

Introduction

6

Gammas emitted from j'()O g1 O reactions gave additional
information on which exit channels are important and on the variation
of the cross section with bombarding energy. Two different tech-

niques were employed.

In one case, several spectra were taken with Ge(Li) detectors

for 16O beams bombarding various targets containing Oxygen. Only

specific energy y's were looked for, namely those from the first

160 + 16

few excited states of nuclei formed in O reactions. Many

levels can be populated in these nuclei; hundreds are energetically
allowed in 31P and 288'1, for example. However, highly excited
states will often decay by a cascade of y's, proceeding through one
of the low lying levels to the ground state, so transitions from the
first few states are expected to be strong. Although branching ratios
to the various exit channels could not be obtained from these obser-
vations, semiquantitative information based on the intensities of the
observed lines indicated that the most important exit channels are

p + 3ip and/or 2p + 308‘1, a + 285'1, g #%p and/or pn + 300

2

P,

7Al. There was also evidence for n + 318.

2a + 24Mg, and ap +
Very rough estimates of the relative strength of these channels were
made, but Doppler broadening of lines and similarities in character-

istic y energies prevented more definite conclusions. The most
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important finding was the significant number of three body breakup
reactions present and the sizeable increase in the two body reaction

percentage at lower bombarding energies.

The total y vyield as a function of C.M. energy in 160 + 16O

was measured in 50 keV (C.M.) steps with a Nal (T1) scintillator
placed just above the beam line in the differentially pumped target.
The number of +vy's emitted increases with the total reaction cross
section, but a strict proportion is not expected because of cascades
from highly excited states, significant changes in angular distribu-
tions, and possibly a preferential population of certain levels., The
Y yield will be sensitive to fluctuations in the reaction cross section
over restricted energy intervals, such as those observed in the

125 & g system (see Patterson, Winkler and Zaidins (1969) and
Almq\;'ist (1960, 1963)) since there are so many excited states that

160 + 16O total

can be fed. The vy yield data suggest that the
reaction cross section varies smoothly with energy and fluctuations,

if present, are less than the errors for the charged particle measure-

ments.,

Ge (Li) Detector Spectra

160 + 160

Several high resolution Yy spectra were obtained for
reactions at Ecm = 12 MeV with 40 and 55 cc coaxial Ge (Li) detectors

for a number of different targets.

One spectrum in Figure 10 was taken using the differentially



Figure 10

16O + 02 Gas and 16O + N0 Gamma Spectra.
These spectra were taken with a Ge(li) counter at a bombarding
energy of 2l MeV (Ecm = 12 MeV). The targets were 0, gas at
1.5 torr pressure in the differentially pumped system and a
90 ,Lgm/cm? nickel foil oxidized by heating in an Oxygen
atmosphere. The same gain was used in both spectra, and the
energies of some identified lines are shown. Doppler line
broadening is especially noticeable in the 16O + 02 gas

spectrum.
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pumped gas target with a gas pressure of 1.5 torr. The front sur-
face of the detector was placed about 5 cm from the beam path and
48 cm beyond the target chamber center. Shielding from vy's pro-
duced upstream and downstream was 11 cm of lead arranged so the
target length was about 15 cm or 340 keV (lab). The tantalum beam
stop was 97 cm from the detector. Energy calibrations for this

and other spectra were made using 22Na, 54Mn, 6OCo, 88Y and

137Cs sources to an accuracy of = 5 keV,

Most y lines in Figure 10 are much wider than expected
from the actual detector resolution. The main contribution to the
line width is Doppler broadening because the heavy reaction products

have velocities relative to the detector when they decay. For the

*
16O 5 18 288'1 (1.78) the Doppler shift is expected

+31p* (1.27)

case of O—+a +
16 16

to be up to 65 keV or 3.6%, and for O+ "0—p

it is up to 35 keV or 2.7%. The observed widths (FWHM) of both

lines are about 4.0% from Figure 10, The 70 keV (FWHM) straggling

in the beam energy acquired from passage through 55 cm of O2 gas

to the target region caused no significant further broadening of the

Yy lines.

In a thick solid target the y energy resolution is better than
for the gas target because the density is much higher, so the heavy
nuclei are slowed down much more quickly and the Doppler broaden-
ing corresponds to the slower velocity at the time of the y decay.

*
Since the lifetime of the 31P

28

(1.27) level is 0,73 £ .07 ps and of

*
Si (1.78) is 0.63 = .03 ps (Endt and van der Leun (1967)), only
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-3 2 .
about 10 ~ pgm/cm® of O2 gas is traversed before a y decay
from these states in the gas target. The corresponding thickness
for a solid target is on the order of 1 pgm/cmz. The difference in
Y line widths is apparent between the spectra of the 16O beam
bombarding O, gas and a NiO foil (made by oxidizing a 1000 A
commercial Ni foil in a pure O2 atmosphere with a collimated

light source) in Figure 10 and a thick piece of quartz shown in

Figure 11.

The advantage of better resolution resulting from thick solid
targets is partly offset by the uncertainty in the origin of some vy
lines. Since solid targets cannot be made of pure Oxygen, they are
susceptible to the production of undesired y's from reactions with
other nuclei in the target. For example, with hydrocarbon contami-

160

nants on the target surface, the reactions o+ j“ZC =gy 27A1 and

16O + 16O ~+ gp + 27A1 would lead to the same characteristic y's

and could not be distinguished.

The Ge (Li) detector was always at right angles to the beam
with at least a 1 cm thick cylindrical lead shield around the detector
housing as some protection against background. The distance between
the counter's front surface and the beam spot varied from spectrum
to spectrum and ranged from 2 to 10 cm with about 1 mm of alumi-
num in between. The beam intensity was generally kept below 200 na
of charge 5+ 16'O because of both the high neutron fluxes and the

high counting rates.
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Figure 11

16O + Quartz Gamma Ray Spectrum.

This spectrum was taken with a 55 cc coaxial Ge(Li) detector

for 2l MeV 1% nuclei bombarding a thick piece of quartz
(SiOz). Energies of the more prominent peaks were determined
from the energy calibration, which is good to about =+ 5 keV,
The 0.511 MeV Compton edge obscures most gamma lines below
about 0.l MeV, However, two strong low energy lines are present

and are believed to be X-rays from lead.
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Table 2 lists the y energy, the relative detection efficiency,
and the counts normalized to the number in the 2.23 MeV peak for
9 strong lines observed in all spectra. The estimated errors on the
ratios range up to * 20% because of problems in background sub-
traction. Note that the ratio of counts varies significantly. Some
differences arise from the variety of circumstances under which the
spectra were taken. Others probably came from contaminants on
the targets or from 160 + Si reactions. Since all peaks in Table 2
are present in the gas target spectra, they are all believed to origi-

160 + 160 reaction products. The relative photopeak

nate from
efficiency of the detector was estimated from Paradellis and Hontzias
(1969), Huang, Osman and Ophel (1969) and from direct measurement

to roughly follow a power law
Efficlency ~ E*%  with a= 1.2

This quantity is also tabulated in Table 2.

16

Estimates of branching ratios to the various 16O + 770 exit
channels were made from the intensity of lines in Figure 11. Some
conclusions were also implied by the absence of certain transitions.
Table 3 gives a list of the y lines between 0.5 and 4.4 MeV from
Figure 11, the most probable transition or transitions involved, and
other possibilities that are considered less likely (for 16O iz 160
reactions only). Some lines or contributions to some peaks may be
from undesired y's. Below 500 keV the annihilation peak and its

Compton edge dominated, and above 4,4 MeV little structure was
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observed. Transition energies were taken from Endt and van der
Leun (1967) and the y energles were obtained from the energy
calibration with a number of sourceas. The accuracy is about =5 keV
except at the higher energies where no calibration lines were used.

Several lines remain unidentified.

Identifications in Table 3 were required to be self consistent
in a number of ways. Single and double escape peaks were always
broader than the photopeaks of about the same energy. Strong lines
between 1.5 and 2.5 MeV and all lines above 2.5 Mev were required
to have both. y decay schemes and branching ratios, where known,
were taken into account. Thus if a transition between the third and
second excited states was present, the y's depopulating the second
level had to be seen as well, Finally, if a transition from the second
excited state in a nucleus was identified, the one from the first
excited state was also required to be present, etc. An exception to
the latter was that 31P (3—~0) = 3.135 MeV was not observed, but

decays from higher levels were,

A number of conclusions can be drawn from Tables 2 and 3
corresponding to Ecm = 12 MeV. These follow for each 16’0 + 16O
exit channel with Q > 11 MeV (see the energy level diagram Figure 1).
Level energies and y branching ratios were taken from Endt and
van der Leun (1967) and Ajzenberg-Selove and Lauritsen (1959), All
yields are stated as ratios to the 288'1 yield and are generally based
on results presented in Table 2, Limits on yields come from

Figure 11,
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26 28

Mg ta + 2p, Si+t+p, 2881 + 3He + n. All are expected to be

small because of Q values. No concluslons are possible
from vy-ray ylelds since no excited states can be populated

at E = {2 MeV.
cm

27Si +a + n. Neither the transitions from the first nor from the

second excited states of 2751 were observed. A limit on the

28

yield was derived to be < 0.05 (relative to Sl=1.0).

29

29p 4 t. There is only marginal evidence for the P (1—0)

transition, and none for the decay from the second excited

state. The yield was estimated at < 0,03 times the 2881

yield at Ecm = 12 MeV. The large negative Q wvalue and

Coulomb barrier probably suppress this channel,

29 3 29

Si + "He, 29

Si +p +d, Si+ 2p +n. No conclusions possible,

The (1—0) transition is masked by the 1,27 MeV y's from

31P, 3051, etc. The (2—0) transition is masked by the

31

3.05 MeV second escape peak, by P (4—1) and by

Mg (4~1).

b 1+ 125 1 o, The only enecgesieally allawed state 1a the 4.48 MeV

level of '2C, but it is not observed (see Figure 11).

2ONe + 12C and 20Ne + 3a, Very little can be concluded. No counts

above background were detected at EY =1,63 MeV for

20Ne (1 —0) or at 4.43 MeV for 1%C (1—~0). The Q

values indicate that these channels may proceed through the
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ground states most of the time, emitting no y's. See the
12C + 2oNe Production Section (page 152 ) for a measurement

of the cross section to the ground state.

30P +d, 30P +p tn. y decays from the first four and perhaps

five levels of 30P were identified. The 0.67 MeV line was

*
weak because 30P (1) is a T =1 state. The number of

v's from 30P is about the same as from 2881.

27

27A1 +p ta. Decays from the first three or four states in Al are

present. The fourth is in question because of the absence

of 27A1 (4—+0), whereas the 1,727 line is broad and contains

the single escape peak from 2.23 MeV y's. The possible

160 + 12C reactions must be considered, so

16O + 16O reactions is

presence of
the number of 27Al formed by

S 0.5 times the number of 2881 formed.

24:Mg + 20, The (1—0) transition is strong, but others are weak
or absent. However the second to fourth levels in 24Mg

decay with EY > 2.7 MeV., Again there is the possibility of

16O + 12C reactions, so the yield of 24Mg is £0.4

(relative to the 28 yield = 1.0).

318 + n. This channel is very weak compared to others with similar

Q wvalues. 31S(i”"O) was observed, but the (2--0)

transition, if present, is obscured by the mirror transition

31p (2—+0) and others. Based on the 1.24 MeV y's only,

31 28

the *°S yield is ~ 0,06 times the Si yield.
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P +p and 3081 + 2p. The idea of taking y spectra was originally
conceived as a means of separating these channels, This
failed because of a remarkable number of coincidences. The
v's involved are:

1.27 MeV., There are at least 5 different transitions within
5 keV of this energy. One 1s the 1.78 MeV first escape peak,
expected to comprise only a amall fraction of the counts in

this line., The amount of 29

3

Si (1 —0) is uncertain, but the
amount of 0P (4—2) can be estimated using the known vy

*
decay scheme of 3OP (4) and the counts in the 1.98 MeV

3OSi (2—0) transition

peak. Note that 31P (1—0) and
energies are identical within the errors and the detector
resolution.

2.235 MeV. Four important transitions occur within * 3 keV,
The 325 (1—0) and 318 (2—+0) vy's are expected to com-
prise only a small portion of the total from the lack of
transitions from higher states in both and from the size of the
315 (1 — 0) peak. That leaves S'P (2—0) and 3%st (1—0),
whose energies are within 2 keV.

*
3051* (2) decays 55% of the time through the

3.505 MeV,
2.23 MeV level, and 45% of the time directly to the ground
state. However, there is evidence for decays in 31P from
its first six excited states (excluding the third state), so there

3

is a possibility of a contribution from 1P (6—~0). The im-

portance of the latter transition cannot be checked from the
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s
31P (6) because the energy of

3

Y decay scheme of b (6 —1)

is 2.239 MeV | Nevertheless, for only the counts in the

{.27 MeV line, the number of >°Si is < 0.2 and of >'P is
>0.7 (normalized to the number of 2'SSi =1.0) from the
strength of the 3.51 MeV peak. The combined strength of all

these lines for 3081 and 31P is 3.5.

2881 + o, Decays from the first two excited states were observed.

This is the only reaction producing a 1.78 MeV vy, and there

are many levels of 2881 which cascade through =

*
Si (1.78).
Thus the 1,78 MeV line was ideal to compare to other yields,

and its strength was taken to be = 1.0,

328. Unfortunately no conclusions can be reached. 325 (1—0) has

an energy of 2.23 MeV, which is the same as several other
s

strong transitions. The observation of the decay from 32’8

(2) is questionable because of the "line" shape (see Figure 11).

Thus there is no evidence for or against a negligible yield in

this channel from the y spectra.

A summary is given in Table 4. These conclusions agree
qualitatively with the preliminary analysis performed in the Intro-

duction Section based on Q values and Coulomb barrier heights.

Table 4 contains similar data for 16O beams bombarding
quartz at Elab = 20 and 18 Mev as well. A background spectrum
was subtracted from the 18 MeV run, but was unnecessary for the

spectra taken at the other energies. The decrease in the fraction
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of three body exit channels can be noted from the fall in the relative

branching ratios of 27A1, 24Mg and 3OP.

Such information is quite important in relating the measured
production cross sections for protons and alphas to reaction cross
gsections, A proton from 3081 t 2p should be counted only half as
much as one from 31P +p in the proton spectra, since two light
particles are emitted per reaction in the former case. The uncer-
tainty in the three body fraction will be reflected in the reaction
cross section, because of the difference of a factor of 2 in the count-
ing, and in any extrapolation of the cross section to energies below
E = 7 MeV. See the Conclusions Section (page 171) for a further

cm

discussion of the above problem.,

Y Yield vs. Energy

Fluctuations in the total cross section should appear in the vy
yield as a function of bombarding energy, especially if many excited

states are populated, as in 16O + G

O reactions. Such fluctuations
exist in the '2C + 12C system and these data were taken to look for a

similar behavior in 16O + 16O.

The differentially pumped gas target, usually at a pressure
of 1.5 torr of ultra high purity 02, was used for the measurements.
The beam passed through about 16 cm of gas before reaching the
center of the target region, losing about 400 keV (lab). The straggling

was estimated at 40 keV (FWHM, lab).
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A 2 X 2" Nal (T1) scintillator was located with its front face
2.2 cm above the beam line with 0.5 ¢m of aluminum between them.
A 1,9 cm lead shield around the crystal restricted the target length
to about 9 cm or 100 keV (C.M.). The attenuation to 0.51 MeV vy's
was a factor of 110 and to 2.23 MeV +v's was 2.8. Precautions
against undesired y's were taken: inside the scattering chamber
there was lead placed around the entrance and exit apertures, and

the beam stop was moved 140 cm away from the target region.

Three discriminators were used to count all vy pulses above
cutoff points of 0.6, 1.6, and 2.2 MeV. The monitor counter from
elastic scattering measurements was set at ©

1ab = 45%° and was used

for normalization. The yield was determined from

1. o . ratio of elastic
YIELD = Const . {f.Y's - background rate ;ime) « { scattering to
)

( # monitor counts) (E Mott
cm

The constant was chosen to normalize the yield to 100.0 at Ecm =
10.0 MeV so data with different cutoff energies could be compared.
Errors were estimated from statistical uncertainties on the number
of counts and from a 3% error for pressure changes, shifts in the

cutoff energy, and errors in the elastic scattering cross section.

The results are glven in Table 5. The background was found
to be proportional to time (36 counts per minute for the 2.2 MeV
cutoff and 410 for the 0.6 MeV cutoff). No additional background was
observed from the canal of the gas target. Counting times ranged from

1 to 16 minutes. Energies were corrected for losses in the gas. The
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normalized yields for all three cutoff energies agree within * 20 %
over the whole energy range measured, with the lower cutoff energy
data presenting a steeper energy dependence. This systematic
difference éould result from cascaded vy's; a small fraction of such
Y's are detected with the higher cutoff than with the lower ones.
Thus, the variation with energy of the average number of cascade
v's per reaction influences the lower cutoff data more strongly.
Furthermore, certain exit channels may be excluded by setting the

cutoff too high, also influencing the energy dependence.

In the energy range covered, the y yield changes by a factor
of nearly 10,000 (see Table 5). To see small fluctuations, the
barrier penetration effect can be factored out:

- 2

s e
YIELDNE exp(—-—-—-—ﬂ—;;—————gEcm>

cm m

and the results are plotted in Figure 12 for the 1.6 MeV cutoff. No
absolute normalization was used for g, and the value of g was
chosen somewhat arbitrarily (it corresponds to an interaction radius
of 7.25 fm). Other g values would tilt the data one way or the other
in the plot, but would not affect the presence of bumps. Small fluctu-
ations may actually be present in Figure 12, but they could not be

seen in the charged particle data with the larger measurement errors.

This situation should be compared to similar results obtained

1

for 2C * 12C reactions, also displayed in Figure 12. Charged
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Figure 12

S for the Yield of Gamma Rays from

16o + 160 and 12C o 120‘

The differentially pumped system was used for the 16O + 16O

measurements and a 10 ,_Lgm/cm2 carbon foil was used for the
120 + 120 data. In both cases the detector was Nal and
elastic scattering monitored the combined target thickness and
beam current (see the text pages 58 and 181 and Tables 5 and
18). The values of § for 16O # 160 are in arbitrary units
(see Figure 41 ), whereas the 120 + 120 results are normalized
at Ecm = )} MeV to the charged particle data of Patterson,
Winkler and Zaidins (1969), which is also plotted.
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particle measurements from Patterson, Winkler and Zaidins (1969)
and Yy vyield data normalized to the former at Ecm = 4 MeV as
described in Appendix II are plotted. The agreement over the full
energy range might have been worse if some other cutoff energy

160 16

were employed. Such an effect was noticed in the + 770 case.

A more detailed structure was seen with the y yield data because
it was easy to take fine energy steps. The sharp contrast between

the two sets of data in Figure 12 is the main evidence for concluding

that the 16O + 16O cross section is relatively smooth. One impor-

tant consequence is that it is not necessary to take charged particle

160 416

data for O in small energy steps.



w BF

CHARGED PARTICLES

Introduction

16 16

Most of the O + " 7O total reaction cross section comes
from channels with at least one light charged particle emitted. The
gamma spectra and the arguments in the Introduction, based on
compound nucleus formation and Coulomb barriers, indicate that the

most important of these exit channels are:

16 1 165 . 285 1 Q= 9.592 MeV
31p +p 7.676
301 + 2 0.388
24 Mg + 20 -0.390
2Tp1 +p +a -1.991
e 14 ~2.412
291 + 3He ~2.510
e L pbm -4.636

Cross sections for the production of protons, deuterons and alphas

were determined by measuring their yield at a number of angles.

Two counter telescopes were constructed to distinguish
between these light charged particles. Particles of different masses
could be distinguished by passing the particles through a transmission
detector of thickness Ax to measure the energy loss, AE =

dE/dx + Ax, and then measuring the total energy E remaining with
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another counter,

A number of purely experimental problems prevented the
detection of all light charged particles down to the lowest energies
at a given laboratory angle. Protection of the counter telescope
from the very high elastic scattering count rates required a foil to
stop the O nuclei, Furthermore, particles of low energy stopping
in the AE detector of the telescope could not be identified properly

and were not counted.

It was important for the low energy cutoff for each type of
particle to be as low as possible, so few counts would be lost. This
requirement dictated that the protection foil thickness be kept to a
minimum and suggested the use of a proportional counter for measur-
ing AE. A silicon surface barrier detector with the same energy
loss for protons as the proportional counter constructed would have
a thickness of 4p, and was not commercially available. In addition,
the high capacitance of such a detector would result in a resolution
no better than that of the proportional counter. The foil necessary
to retain the proportional counter gas introduced a small additional
energy loss (equivalent to 4.2p of silicon). For many bombarding
energlies and angles it served as part of the protection foil needed
against elastically scattered particles. One of the two counter
telescopes used a 58u thick solid state detector in order to separate
the deuterons from the protons, because the proportional counter

resolution was not good enough for these particles.
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Although the total energy resolution of the counter telescope
was < 400 keV, only a few levels in 2°8Si, S!P and 3P were
actually resolved. One reason is that in the residual nuclei regions
of excitation energy having a high density of states are energetically
accessible. There are hundreds of such states in just the first two
exit channels tabulated above. Furthermore, the low particle yields
required large angular openings for the counter telescopes, resulting
in kinematic broadening of the peak from a given excited state.

Finally, the three body channels produce a continuum of particle

energies for a given state in the residual nucleus.

Under these circumstances, contaminant reactions could be

160 16

completely masked by + 7O reactions and still contribute a

sizeable portion of the particle counts. For example, protons or

16O + 12C or 16O + 14N might go unnoticed because

alphas from
individual levels were not resolved. So it was necessary to use a
very pure target material and to take precautions to prevent con-

taminants. A solid target containing Oxygen was not acceptible

for this reason.

The most satisfactory target was ultra high purity Oxygen
gas in a differentially pumped system. The beam intensity was not
limited by the entrance foll needed for a "closed" gas target, and
the beam energy loss and straggling were well under control. Gas
flowing through the target chamber swept out all impurities from
outgassing in the system, preventing buildup of target contaminants.

Details of the differentially pumped gas target are given in the
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Elastic Scattering Section (page 21).
Angular distributions of protons and alphas were taken at 8
energles between Ecm = 6,8 to 11.85 MeV with the counter tele-
scope (with a proportional counter to measure AE). Total production
cross sections were derived from these measurements. However there

160 + 16O reaction cross sections

was & problem relating these to
because of three body breekups. In two body exit channels only one
light particle is emitted per heavy ion reaction, whereas two are
given off in each reaction for three body channels. A proton or alpha
from the latter should thus be counted only half as much as in the two
body case. The uncertainties in the percentages of each exit channel

16 1

was a serious source of error in deriving o+ 60 reaction cross

sections from the data.

The deuteron yileld was measured at E = 20 and 24 MeV in a

lab
similar fashlon. Searches were made for 3He and 3H at the same

energies, but none were detected. Limits on the latter cross sections

were derived.

Experimental

All charged particle measurements were made using the differen-
tially pumped gas target with ultra high purity Oxygen gas ( >99.99%
by volume) at a chember pressure of 3.0 - 3.5 torr. The same 45°
counter used for the elastic scattering measurements monitored the
combined beam current and target thickness as described in the

Elastic Scattering Section (page 30). Before each series of rums,
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the angle of the monitor counter was set to elab = 45° by maximizing

the yield of elastically scattered oxygen. Its geometrical factor was
(RL) ggo = (6.2 0.4) X 107> cm ax

and its angular opening was #* s

The alpha and proton spectra were obtained with a counter
telescope (Figure 12) composed of a proportional counter to measure
AE and a 2 mm thick lithium drifted silicon detector (110 mm‘2 in
area) to measure E of the particles. The gas tight housing of the
telescope was rigidly connected to a lucite flange i'otating in an
O-ring in the 1lid of the scattering chamber. The cylindrical pro-
portional counter was 2.9 cm in diameter by 3.8 ¢m long and was
machined in a block of aluminum (see Rossi and Staub (1949) and
Curran (1958) for the design of proportional counters). The high
voltage electrode was a 0.1 mm diameter length of piano wire on
the axis of the proportional counter. It was supported by a cylindri-
cal glass insulator on the end nearest the E counter, and by a Kovar
glass feedthrough on the other end, bringing the electrical connection
to the wire out of the counter housing. An Ortec 109 PC charge
sensitive preamplifier with built in FET protection was connected to
this point by a coaxial cable enclosed in stainless steel tubing. The
tubing was open to the atmosphere on one side and epoxied onto the
counter housing, over the Kovar feedthrough, on the other side. Thus
all high voltage connections to the proportional counter were under

atmospheric pressure. The total capacity of the counter wire and
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Figure 13
Cross Sectional View of the Counter
Telescope.

This counter telescope consisted of a proportional counter to
measure AE and a 2 mm thick Si(Ii) counter to measure E
of the particle. The proportional counter consisted of a
cylinder of Argon gas in the aluminum telescope housing. The
high voltage wire was on the cylinder axis and was connected
to a Kovar glass insulated feedthrough and then to a coaxial
cable protected by stainless stesl tubing (see the text

page 66 ). The proportional counter gas continuously flowed
through the counter at a pressure of about 120 torr. The
whole counter telescope was rigidly mounted on the lucite top
to the target chamber (sese Figure 5).
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cable, up to the preamplifier input, was 13 pf. Electrical break-
down occurred at about 300 V in the Oxygen gas (at 3 torr chamber
pressure) when the high voltage connection was made without the
tubing, whereas it occurred at about 600 V in the counter gas (120
torr) with the cable at atmospheric pressure. The normal operating
voltage was 550 V and the corresponding gas multiplication was
roughly 100. A mixture of Argon and 3% Methane served as the
proportional counter gas, and flowed continuously through the
counter. A forepump and two needle valves maintained a constant
pressure of 100 -~ 130 torr as measured on a manometer in parallel

with the counter during the actual runs.

Particles entered the telescope through a 1.6 mm vertical
slit in a 1.6 mm thick brass disk. They then passed through the
counter gas retaining foil of 10,000 A nickel, In order to protect
the Si (Li) detector from heavy ions and the telescope from high
elastic scattering count rates, especilally at very forward angles,
one of three different foils could be inserted in addition In front of
the telescope without breaking the target vacuum. The foil thick-
nesses were 1,4 mg/cm2 and 3.4 mg/crnz‘ aluminum (0,0002"
and 0.0005") and 0.9 mg/cm® nickel (10,000 A). The thinnest foil
needed to stop the elastically scattered Oxygen was used at each
angle and energy. The detection limits with just the entrance foil
alone, and with the 3.4 mg/crn2 aluminum foil in addition, were
respectively 0.6 and 1.3 MeV for protons and 2.5 and 5.0 MeV for

alphas. For laboratory angles over 70° the telescope entrance foil
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was thick enough to stop all particles from 16O + 16O elastic
scattering and no additional foils were used. The lowest possible

detection limit was thus obtained for a region of angles where the

reaction products have lower energles for kinematic reasons.

The alphas were always stopped in the telescope, however
protons above 18 MeV were not because the E detector was too thin,
These counts were recorded by the electronics as having an energy
(E) lower than they actually possessed, and they constituted less than
3% of all protons. Such conditions arose only at forward laboratory

angles with high bombarding energies.

The telescope angular resolution was = 3.9° and its geometri-

cal factor was
(RL) ggo = (1.28 % 0.05) X 107> cm s7.

An experimental check on the solid angle factors was performed by
scattering 1,8 MeV protons from pure Argon gas in the differentially
pumped system at a chamber pressure of 2.0 torr. At this energy

the scattering is pure Rutherford (at least for 0 < 140°, see

lab
Dwarakanath (1968)). Both the monitor and the counter telescope
were moved to elab = 132° where the number of counts detected is
independent of angle (see Elastic Scattering Section, page 26 ). The

ratio of the number of counts in the counter telescope and in the

monitor counter gave
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(L) MONITOR, 90°

2
(8L) T E1L.ESCOPE, 90°

=(5.2+0.2) X 10" °,

The correction to account for the fact that the number of counts isg
not exactly independent of angle is < 1%. Multiple scattering cor-

rections are estimated to be < 10%. The same ratio from geometrical

measurements is

= (4.8 £0.3) X 10”2,

A mean value of (5.0 % 0.2) X 10_2 was used for the evaluation of the

data.

A schematic of the electronics associated with the counter
telescope is shown in Figure 14, After amplification, the AE and E
pulses were stored in the two coordinate directions of a two dimen-
sional Nuclear Data 64 X 64 channel analyzer. The ADC processlngﬁ
the AKE pulses was colncidence gated from a low level discriminator
set on the E pulses, thus eliminating much of the noise inherent in
the proportional counter. A typical two dimensional spectrum is

shown in Figure 15,

The only background observed in the spectra was a continuum
of counts with AE~ 0 and E = 0, up to about E = 8 MeV, These
counts were identified as y's detected by the Si (Li) counter. The
cutoff energy E was independent of angle, but the number of counts

varied with angle from © = 20 to 150° (approximately as

lab

1/sin elab)' Neutrons were excluded as the main contribution
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Figure 14

Counter Telescope Electronics.
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Figure 15
Two Dimensional Charged Particle Spectrum.

This spectrum was taken at E = 11.85 MeV and 8 .p = 20°
with the counter telescope of Figure 13. Note that the alpha
(uppermost), proton and background (AE = 0) 1lines are well
separated. Summing counts in the AE direction gives the
alpha and proton spectra of Figure 16. A cross section of the

counts at E = channel 7 (E ~ 3.3 MeV) is given in Figure 18.
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because the neutron production cross section was measurced and was
too small to account for the observed counts (sce Neutrons Section,
page 141). Electrons from ionization processes in the target and

B decay electrons probably contributed somewhat to this background.
The proton line was generally separated from these background
counts by a channel or more, and the proton spectra showed no
indications that extraneous counts were included. The efficiency

and possible noise contributions in the two dimensional coincident

AE - E pulse recording system were checked by using different gains

and time delays for the two channels. No anomalies were found.

The energy scale in the E direction was calibrated with the
protons and alphas corresponding to the lowest lying levels in 31P
and 2881 respectively, since these levels could be seen as separated
lines. Energy losses in the folls and gases (O2 and Ar) were cal-
culated from tabulations by Whaling (1958), Marion (1968) and
Northcliffe (1963)., The two dimensional spectra were summed in the
AE direction to get particle spectra as shown in Figure 16. The
magnitude of the particle energy in the Si (Li) counter, E = Ecounter "
was determined from the energy calibration, and could be related to

the energy of the light particles in the target region, E3, using the

energy losses calculated.

Several experimental checks on the calibration and energy
losses were made., For example, the 1,8 MeV protons used for the

solid angle factor ratio measurement afforded one check. Another
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Figure 16
Alpha and Proton Spectra.

These spectra are taken from the two dimensional spectrum of
Figure 15. The peaks in the alpha spectrum are not the
result of statistics (see Figure 17 and the text page 79 ).
The E counter was not thick enough to stop the highest
energy protons, so the '"p cutoff" corresponds to the
highest energy that can be deposited by protons in this
counter. This situation occurred only at forward angles and
the highest bombarding energies used.
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was obtained from peaks secn in the alpha spcectra. These were
observed at many different angles and energies and were found to
correspond to certaln fixed excitation energies in 2851. A portion
of the alpha spectrum at Ecm = 11,95 MeV and elab = 20° was
obtained using the 61 cm magnetic spectrometer (A0 = + 1°, A¢ =
+ 4,5°) and the 16 counter array in the focal plane. An Oxygen beam
bombarded a SiO foll target. The alphas were bent by the spectrom-
eter and passed through 5.1 mg/crn2 (0,00075") of aluminum before
entering the counters. A monitor counter at elab = 45° detecting
the elastically scattered Oxygen was used to normalize the runs, and
relative efficiency corrections of up to 20% were applied to each
counter of the array. The resulting spectrum is given in Figure 17.
The range of alpha energies covered was E = 10.7 to 21.2 MeV
(Eexc = 8.2to 16.5 MeV). A large contribution to the width of the
observed peaks came from kinematic broadening effects (A9 « dE/d8 =
* 120 keV). The energy positions of the peaks were checked against
the counter telescope spectra demonstrating that the energy calibration

had a preclision of * 400 keV for E_, or = 300 keV for Eexc over

3
the whole spectrum. On the other hand, the energy resolution of the
counter telescope was only about 400 keV for these experiments
because of the kinematic broadening of the lines, limited resolution
in the 64 channels used for recording the spectra, and straggling.
Agreement of the energy calibration as derived from the protons and

as derived from the alphas provided still another check that energy

losses were correctly computed.
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Figure 17
Alpha Spectrum Taken with +the Spectrometer.

These data were taken with a Si0 foil target and the 16
counter array in the focal plane of the 61 cm spectrometer.
The resolution was limited by kinematic broadening due to the
large angular opening of the spectrometer entrance slits.
Some peaks are shown with appropriate excitation energies.
These were used to check the energy calibration of the

counter telescope charged particle spectra.
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With the counter telescope of Figure 13 only a limit on the
number of deuterons could be obtained because of the poor propor-
tional counter resolution. Figure 18 shows the AE distribution of
counts for Ecounter = 3.3 MeV from Figure 15, An approximate
energy scale is also shown. The width of the proton and alpha lines
can be calculated assuming a Gaussian distribution of energy losses.
The observed FWHM are 25 keV and 80 keV for protons and alphas
respectively, whereas the calculated values are 20 keV and 40 keV.
At this value of Ecounter the multiple collisions determine the
energy loss distribution (a Gaussian), but a Landau distribution (see
Moyal (1955) and Landau (1944)) must be used for proton energies
above about 4 MeV, where single collisions appreciably influence the
losses, The expected position of deuterons, tritons and 3He's is
also shown in the figure. The lack of a definite line at these points
indicates that few of these particles are present. Cross section
limits on the production of d's, t's and *trety were computed by
summing counts near the expected lines, The tails from the proton

and alpha lines obscure any deuterons, etc. present, and in the data

analysis all counts were assumed to be either protons or alphas.

A second particle telescope was constructed specifically to
separate deuterons from protons. The construction was similar to
that of the other telescope, except that a 58 u (150 rnrn2 in area) sili-
con transmission counter served to measure AE and a 3 mm by 110
mmz lithium drifted silicon detector measured E. The thicker AE

counter was essential to obtain a better relative energy resolution so
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Figure 18
Spectrum of AE Counts in the

Charged Particle Spectra.

. The number of counts in the two dimensional spectrum of
Figure 15 at E = 3,3 MeV are plotted against the AE
channel. An approximate energy scale based on the expected
proton and alpha energy losses in the proportional counter is

also shown. The expected positions of deuterons, tritons and
3He's are indicated.
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the proton line would not obscure the deuterons. Both counters were
kept under vacuum to prevent electrical breakdown of the Si (I.1)
counter bias of 500 V in the target gas, The entrance foll was

. rng/cm2 aluminized mylar and a 3.4 mg/crn2 aluminum foil
could be moved before the entrance slit to stop elastically scattered

Oxygen. The angular opening was * 4.9°% and the geometrical factor

was
(L) 90° = (1.23 £ 0,04) X 10“3 cm sr.

No attempt was made to experimentally check the ratio of this value

to the monitor counter solid angle factor.

The AE and E gains were matched to about 0.5% and the
pulses then fed into an Ortec Particle Identifier (see Figure 19). One
of its outputs was the sum of the E and AE pulses, and the other

1.73 _ pla73

was an identifier pulse proportional to (E + AE)
quantity empirically dependent only on the type of particle. Deuterons
clearly separated from the protons were observed, however a search
for 3He and 3’H was again unsuccessful. The spectrum of deuterons
at E__=11,85 MeV and 0, = 25° is given in Figure 20. Note
that many levels in 30P are easily resolved, and there is no large
increase in counts at the low particle energies characteristic of the
proton and alpha spectra (Figure 16). Yields of protons and alphas
leading to states of low excitation energy in the residual nuclei, as

obtained from the two counter telescopes, agreed within experimental

errors,
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Figure 19

Particle Identifier Electronics.

This setup was used for the solid state counter telescope.
It was also successfully employed to separate alphas from
protons with the counter telescope illustrated in Figure 13,
even though the E and AE gains were not appropriately
matched.
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Figure 20

Deuteron Spectrum,

The solid state counter telescope and the particle identifier
were used to obtain this spectrum., It corresponds to the
highest bombarding energy and most forward angle of all the
deuteron data taken. Note that the number of counts does not
strongly increase at low energies in contrast to the spectrum
shape seen for alphas and protons in Figure 16.
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The charged particle data taken using the counter telescope
(proportional counter AE) involved many days of running. Up to
14 angles were taken at one energy with runs lasting 15 minutes to
18 hours each. Beam currents were typically 4 to 12 pa of 4+ 16O.
Counts in each spectrum varied from 47 alphas at Ecm = 6.8 MeV

and © U up to 34,000 protons at Ecm = 11,85 MeV and 20°.

lab

Data Analysis

From the spectra taken, angular distributions in the C.M.
and laboratory systems were derived and total production cross
sections were determined in two ways. The first method involved
transforming all quantities to the C. M. system using a computer
program written for the purpose. The analysis proceeded as follows:

1) Energy losses were calculated for the foil thicknesses

and gas pressures used in the proportional counter and
target chamber.

2) The energy calibration (E vs. channel) and energy

counter

losses gave the energy of the particle when emitted in the
target region, E3, for each channel,

3) Knowledge of the bombarding energy E, , laboratory

in

angle © and E3 permitted calculation of the center-

lab
of-mass angle Gcm, of the excitation energy in the cor-

responding heavy particle (2881, 31?, etc.) Eexc' and
of the conversion factor between the laboratory and C. M.

differential cross sections (C.M., Factor = dcr/dﬂ)cm/



4)

5)

- 91 -
do*/dﬂ)lab) from relativistic kinematics. The three

body decays, for which this statement might not be
correct, will be discussed later,
From measured quantities and counts in the spectra,

differential cross sections were then computed from the

relation
do - do . CMFtelescqpe .
aQ af CMF
cm cm monitor

el.sc.

. < oG, 91ab, telescqpe) = < Ntelescoge) .

o
sin 45 monitor

. (<QL>monitor, 90° >
(L) telescope, 90°

Note that these differential cross sections are integrated
over the excitation energy span of the particular channel
in the spectrum, The energy calibration for the alpha
spectra was checked at this point by plotting da/dﬂ)cm
against EeXC for several different laboratory angles,
as in Figures 21-24. The peaks in these spectra have
the same value of Eexc as observed in the spectrum of
Figure 17 taken with the spectrometer. The protons
showed structure too, but the peaks were not as pro-
nounced.

Differential cross sections for larger intervals of Ee "

XC

namely for Ee\cc = 0-5, 5-7.5, 7.5-10, otc. MeV were
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Figures 21 - 2}

Alpha and Proton Spectra vs. Eexc'

: 1" 1
The values of %%i)cm are plotted against the excitation

energy, E_ , for alphas and protons at E_ = 7.85 and
11.85 MeV., Data from spectra taken at several different
angles are presented in each figure to show that the peaks
occur at fixed values of Eexc' At the lower bombarding
energies the percentage of particles from these peaks
increases. Note that %%i)cm’ corresponds to the
integrated differential cross section over the particular
channel in the spectrum. The region of extrapolated counts

is alse given.
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then computed by summing do—/dﬂ)crn from step 4 over
the appropriate channels and linearly interpolating the
counts at the ends of the interval.

6) Relative errors on the differential cross sections as
computed in step 5 were composed of:

a) statistical errors on N and

telescope monitor®

b) an error associated with the variation of the C, M.
Factor over the angulgr opening of the counter telescope
(x 3.9%). The change in the C.M. Factor over this angle
was typically 3-12% depending on the excitation energy
and laboratory angle.

c) an error to allow for uncertainties in the energy
calibration. Since the calibrations were believed to be
good to * 0.5 channels, an additional error to the counts
Ntelescope was assligned to be half the number of counts
in the channel at each end of the interval summed. The
corresponding uncertainty in E3 Is roughly =+ 200 keV.
The largest contributions to the relative error were
normally the last two, but at the lowest energies the

statistical uncertainties on the number of counts

Ntelescope predominated.

Table 6 gives the results of these calculations along with the
relative errors. At several bombarding energies and laboratory
angles more than one run was taken, primarily as a cross check

between the many running days used to gather the data. Differential
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cross sections for each interval in Eexc for these runs were always
consistent within the appropriate errors. Instead of each individual

measurement, weighted averages of such data are given in Table 6.

The angular distributions were found to be symmetric about
ch = 90° within the relative errors in almost all cases (see Figure
25). For identical beam and target particles, they should be strictly
symmetric if the computation of the C,M. angle and C.M. Factor is
correct (as it is for all two body reactions). For the interval
Eexc = 0 - 5 MeV the alphas, and to a lesser extent the protons as
well, show structure in the angular distributions. The structure is
not present at higher excitation energy intervals probably because of
the larger number of excited states in these intervals. The protons

have a generally shallower angular distribution than the alphas, but

both are peaked in the forward and backward directions.

Based on the symmetry about Ocm = 90°, too few low energy
(close to the detection limit) proton and alpha counts were detected
at backward angles compared to forward angles. This was mainly
true for the first two or three channels in the particle spectra
(E

Whenever particles corresponding to a certain range in Eexc appear

< 1.5 MeV) and was attributed to multiple scattering.
counter

in channels 1 to 3 of the E spectrum at very backward laboratory
angles, the same range of Eexc will give particles of much higher
energy at forward angles., This is for purely kinematic reasons.

Since the low energy particles at the backward angles undergo fairly
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Figure 25

Proton and Alpha Angular Distributions.

Average differential cross sections for restricted
excitation energy intervals are plotted for alphas and
protons at E_ = 8.85 MeV from Table 6. The average
differential cross section (value of A , see the text page
102 ) from the Legendre polynomial fit is shown for each
excitation energy interval. In general, the angular
distributions are symmetric about ch = 90° and are flatter
at higher excitation energies.
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strong multiple scattering, whereas the higher energy ones do not,
the angular distribution may be distorted (the backward angle data
then being incorrect). The size of the loss of counts is difficult to
calculate theoretically because of the complicated detection geometry
and the presence of material all along the path from the target to the
E counter. Outside the entrance slit to the counter telescope the
particles lost by multiple scattering can be compensated by other
particles scattering into the path through the telescope. However,
multiple scattering in the 10,000 A nickel entrance foil or Argon gas
may result in a net loss of particles detected. The counter telescope
entrance slit could prevent compensating particles from scattering
into the telescope, Assuming that the Argon gas is concentrated at
the nickel entrance foil and that the multiple scattering angular distri-
bution is Gaussian (see Marion and Zimmerman (1967)), the estimated
loss of particles is 15% for Ep,counter ~ 1.2 MeV and Ea,counter ~

2.5 MeV, Intervals in Eexc which contain counts from the first

three channels in the particle spectra were not included in Table 6.

The counts analyzed by this method were assumed to be totally
the result of two body exit channels (31P + Py 2881 +a or 3OP + d).
Particles from a three body breakup may have been incorrectly
analyzed for obtaining production cross sections. If the three particles
are ejected "instantaneously" after the reaction with no interactions

between them, the analysis is correct, This follows from the depen-

dence of 0 , E and the C.M, Factor
cm cm
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do/dﬂ)cm a2, o d(cos 0, )

do/d) o~ a0 dlcos 6__7J

cm

C.M, Factor =

only on elab’ Elab and the velocity of the center~of-mass of the
system. In the absence of final state interactions, these quantities
do not depend on the variables of the other particles emitted. How-
ever, in the presence of such interactions the quantities © » E ’
cm cm
C.M. Factor may be incorrect. For example, in the reaction
16O + 16O —% 3081 t+ 2p, 1if there is a compound nucleus formed which
first emits one proton and later emits the second (the final state
interaction being between the second proton and 3081) , then the
center-of-mass velocity for the second "evaporation" is not the same

16O + 16O system. Hence

as the center-of-mass velocity for the

the program would derive the wrong values of 6 _, E_ __, and C. M.,
cm cm

Factor for the second particle emitted. The assigned excitation

energy

160’ lab g.Se cm

was not correct for the resulting nucleus 3OSi.

Total cross sections for each interval in Eexc were com-

puted by fitting the angular distributions with Legendre polynomials

do _

u'pro duction Rirplh
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Only even L values were used since the bombarding and target
particles were identical. The number of terms taken was 5 or k-2,
with k the number of different angles, whichever was less. The
value of A and its error from the fit also appear in Table 6, When-
ever there were only three or fewer angles, the angular distribution
was taken to be isotropic and an average was used for the differential
cross section A. The assigned error on such values of A was taken
to cover the individual values of da/dﬂ)cm or to be 20%, whichever
was larger. For conditions typical of cases where data at only a

few angles were avallable, namely high excitation energles and low
bombarding energies, the angular distributions have a typical vari-
ation of = 10 - 30% over all angles, The 20% error on A mentioned

above was assigned from this variation in da/dﬂ)cm with angle,

To obtain total production cross sections, the number of low
energy particles stopped in the target chamber gas, foils and pro-
portional counter gas, and therefore lost, had to be estimated. This

was done by making a linear extrapolation from N

telescope (in chan-

(channel 2 or 3) to 0 counts at E, = 0.

nel 2 or 3) counts at E 3

3
The number of counts lost was taken to be (N

addition, Hydrogen recoils from 16O i 1H elastic scattering were

extrap * Nextrap)" T

identified as a contaminant at forward laboratory angles and lower
bombarding energies (for an estimate of the Hydrogen contamination

in the target gas, see the Elastic Scattering Section). Kinematically

these protons have a maximum energy of Elab = 5,3 MeV at a 16O

bombarding energy of 24 MeV and a maximum laboratory angle of
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90°, The Hydrogen recoll peak was easlly identifiable in the proton

spectra, and the number of protons from 16O + e

O reactions be-

neath the peak was also determined by a linear extrapolation. From
the extrapolated counts and counts in the spectrum above the highest
interval in Eexc’ the differential cross section da/dg)cm,extrap

was computed. The values 4wA and 4w do/dQ) are sum-
cm, extrap

marized in Table 7. The errors given include the fitted or estimated

errors on the average differential cross sections, a 2% error on the

Mott scattering cross section, an estimated 15% error for losses

by multiple scattering, and a 4% error for the solid angle factor

ratio. The total production cross sections are also given (see

Figure 26).

As an Independent check on the precision of these cross
sections, the data at 4 energies were analyzed using a different

method. Laboratory cross sections were computed from

du‘) - dcr) . < sin elab, telescope > .
an lab aQ cm sin 45° + CMF

monitor

el. sc.

) <<QL> A— . ) i < Neot )

( S-ZI"yt:elescopt , 90°

Nmo nitor

with Ntot = Ntelescope + Nextrap‘ The same errors as above were
applied, except that in this case the variation of the C.M. Factor
over the angular opening of the counter telescope and the energy cali-

bration errors, 6c), did not apply. At least 9 angles were taken at

each of the energies and the results are given in Table 8. The total
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Figure 26
Production Cross Sections for Protons,

Alphas and Deuterons.

The measured production cross sections and total errors are
plotted as a function of Ecm from Table 7. Smooth lines
have been drawn through the alpha and proton points. Energy
losses have been taken into account and produce an overall
uncertainty in the energy scale of it 50 keV (C.M.).
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production cross sectlons were computed from a Legendre polynomial

fit to the data

do _
0 = _APO(COS elab) + BP

+CP2 F s
lab

1

Upro duction ~ Lo

where all L values upto L =5 were included (no symmetry about
elab = 90° is required). The production cross sections and the total

errors are also given in Table 7.

The agreement between the total cross sections from Tables 6
and 8 demonstrates that errors from the possible incorrect treatment
of the three body reactions in the first method do not seriously affect
the total production cross sections obtained. The same conclusion
applies to any deuterons (or 3He or 3H counts) Included in the
charged particle spectra which would not have been analyzed correctly.
Thus the cross sections at Ecm = 6,80 and 7.32 MeV are also ex-

pected to be correct, even though data were taken at only a few angles,

The production cross sections (for p's etc.) are an upper
limit to the actual reaction cross sections (for p + 31P, 2p + 3081,
etc.). A lower limit is obtained by counting all protons or alphas
with energles below the respective three body cutoffs as though they

all came from three body exit channels. This was done at 4 energles

(see Table 9, lower limit I). A better estimate of the lower limit
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used the same procedure except that counts in the peaks of the alpha
and proton spectra (see Figures 16, 17) were taken to be from two
body reactions, giving the cross sections listed as "lower limit II. "
The upper limit was reduced by subtracting out known three body

decays. This is discussed in the Conclusions.
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ACTIVATION METHOD

Introduction

16

Cross sections for three exit channels in (@ 160 reactions

were measured by an activation method with 2% counting geometry.

3 160 16

The nuclel 'S and %P from (160,n)318, 16O( O,d)3OP and

16O(“sO,pr1)30P were collected on a catcher foll on the surface of a

plastic scintillator. The beam was then turned off and B particles
from 318 and 30P were detected in the scintillator as a function of
time. The decay curves were analyzed using the halflives of these

nuclei to separate the two activities, Unfortunately, the presence of

other P actlvities from undesired reactions complicated the analysis,

Experimental

The experimental setup is shown in Figure 27. The 16O

beam was passed through slits and a 1.1 cm diameter hole in a 5 cm
thick lead block before hitting the SiO foil target. The lead shielded
the scintillator from radioactivity on the defining slits. The heavy
reaction products passed through the SiO foil and were collected on
a gold covéred aluminum foil in front of the scintillator. There were
alternate bombarding periods when the photomultiplier was turned off,
and counting periods when the number of f's from the radioactive

decays were measured as a function of time. The combined beam

intensity and target thickness was monitored by observing 160 t 160
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Figure 27
Experimental Setup for the Activation Method.

The activation measurements were made by first bombarding the
Si0 foil target with the 16O beam. Heavy nuclei formed in
16O + 160 reactions passed through the target and were
collected on the aluminum catcher foil. FElastically
scattered particles were counted in the solid state detector
at L45° . Then the beam was turned off and B particles
from radioactive reaction products on the catcher foil were
detected with the Pilot B scintillator. Lead was used to
shield against room background and radiation from the

entrance slits.
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elastic scattering at Gcm = 90° as described in the Elastic Scatter-
+
ing Section. Typical beam currents were 300 to 500 na of 04 ’

and total times per measurement were 10 minutes to 5 hours.

The targets used were 20 - 40 pgrn/crn2 S1O foils and were
about 150 ~ 350 keV thick to 18 MeV 16O beams. They were made
by evaporating optical grade S1O onto a layer of 10 p gm/cm2 BacCl
on a glas‘s slide., The amount of SiO deposited was estimated using
a quartz crystal thickness monitor. Foills were then floated off in
distilled water and mounted on tantalum target holders., The target
thickness was measured with the 61 cm double focusing magnetic
spectrometer. A very low intensity and diffuse 16O beam was
passed through a pinhole in 0,012" tantalum and then analyzed by
the spectrometer set at 0.5 - 1.,5°, When the SiO foil was placed
between the pinhole and the magnet, the 16O beam had a lower
energy which could be directly measured on the spectrometer. To
measure the target thickness, the beam was first scattered from a
nickel foil or from Argon gas in the differentially pumped gas target
into a detector. Then the SiO foil was placed before the nickel or
Argon and the energy shift in the scattered 16O gave the target

thickness.

At the lowest bombarding energy, Elab = 15 MeV, the mini-
30

mum recoil 318 and P energies are 4,7 and 4.4 MeV respec-
tively, The SiO target was < 3,2 MeV thick (estimated from
Northcliffe (1963)) to such nuclei created at the front surface of the

foil. Experimentally, no difference In yield was noted for the
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31, 30

different thickness folls used, confirming that the S and »

were not stopped before reaching the detector,

30

The maximum recoll angle of 315 was 11.5° and of P

was 14,0° with respect to the incoming beam direction. Maximum
deflections of 1° could occur from y decay of 318 or 30P

excited states while in flight, and the multiple scattering angle for
these nuclei in the SiO foil was (62)%< 24°. These effects suggest
that the heavy nuclei should be mostly confined to a cone of half

angle < 30°. In the experiment, the aluminum foil and scintillator
subtended a cone of half angle 33° as seen from the target. How-
ever, the yield was checked as a function of the half angle subtended
by the scintillator and catcher foil over a range of 16.5 to 36.0°.
Total P yields were found constant within 5%. | Furthermore, it was
experimentally demonstrated that more than half the radiocactivity
was emitted within a cone of half angle 6.2°. A cylindrical disk of
tantalum 0.8 cm in diameter by 0.4 cm thick was placed at the center
of the catcher foil. The disk was thick enough to stop all P particles
from radiocactive nuclei deposited on it, and the P yields were lower

by about 50% with this arrangement. Therefore, almost all g

and 30P were collected on the aluminum catcher foil.

Commercial 0,0015" aluminum foil with about 0.6 rng/crn2
of gold evaporated on its surface served as the catcher foil. It was
used as a light reflector for the scintillator and a beam stop as well.
The A1203 layer on the aluminum surface is typically 40 - 100 A

1
(1.5 -4 pgm/cmz) thick. The gold insured that the 6O beam had
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lost sufficient energy by the time it reached the A1203 so that the
Coulomb barrier prevented background counts from 16O i 16O

reactions,

Background activation runs with the beam in but the target
out were taken after every target-in run (see Figure 30). An Oxygen
buildup in the catcher foil from bombardment with the beam con-
tributed to the background. Four hours of continuous bombardment
with 300 na beam would build up 7 X 101> atoms of Oxygen, or 10%
of the amount of Oxygen in a 20 |.Lgrn/cm2 SiO foil. Buildup of
hydrocarbons from the pump oil and of other substances on the gold
surface also might add background counts. To minimize background
f counts from these sources, the catcher foil was changed periodi-
cally and measurements were made at decreasing bombarding
energies. Higher energy 16O beams penetrated deeper into the
geld and aluminum and could not be reached later by lower energy
beams. Also, a liquid Nitrogen trap was installed beneath the SiO

foil to decrease Carbon buildup.

The scintillator was Pilot B optically bonded to an RCA - 8575
photomultiplier with Dow Corning #20-057 Optical Coupling Com-
pound. The scintillator was 1.4 cm thick by 5.1 cm in diameter.
The photomultiplier was chosen to fit inside the 61 cm scattering
chamber, where the measurements were taken, The mounting of
the scintillator on the photomultiplier was checked under vacuum
for the presence of air bubbles which would affect the light collection

efficiency, The scintillator and photomultiplier were shielded with
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1.2 to 2.5 cm of lead, and the whole assembly was mounted on one

of the moveable arms in the scattering chamber,

On the other arm was the monitor counter (usually a heavy
ion surface barrier counter 75 p thick and 100 mm? in area) with a
typical solid angle of 3 X 1074 sr., and angle subtended from the
target of % 0, 7°. Before each series of runs the ‘detector was
moved to ch = 90° relative to the beam by maximizing the yield
of elastically scattered Oxygen. A typical monitor spectrum is
shown in Figure 28, The desired counts could be easily separated
from the silicon recoils., The counts in the various peaks indicated
that the ratio of Silicon to Oxygen in the target was nearly 1 to 1 and

remained essentially constant after Z hour of continuous bombard-

ment.
The desired activities were formed by:
Q E_+ T,
B ,max 3
16 16 31
O+"70—""S+n 1.448 MeV 4,42 MeV 2.6 sec
~30p 44 ~2.412
30 322 2.50 min

P+p+n -4,636

The major contaminant activity had a halflife of about 4 seconds and

was probably 2'ISi formed by

16g 4126 . 27g; 4 -0.422 3,79 T

Other possibilities are

165 1165 . 275 4t o+ -7.583 3.79 5.7 ase

o L9 g4 -7.478 3.93 4.4
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Figure 28
Monitor Spectrum for 160 + 5i0.
= = 0
This spectrum was taken at E . 20 MeV, € 45~ and

1
16 16 y
shows that the desired 0+ 0 elastic counts were

easily separated from 160 + 51 elastics or recoils (see
the text page 115).
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Carbon contamination and subsequent Carbon buildup on the SiO
target were suspected to be the main causes of the undesired
activity. The 4 second activity yleld varied for different target foils
and increased as a function of time for a particular foil, suggesting
that it did not come from 160 + Si reactions. Measurements of the
12C (160,11) 27Si cross section were made on Carbon foils with the
same apparatus. If the 4 second contaminant activity was completely
from this reaction, it would indicate a typical Carbon thickness of
about 0.5 p grn/cmz. The contaminant yleld was somewhat decreased

by installing a cold trap beneath the SiO foil.

Oxygen bombardment of natural Silicon could yield several
P activities with halflives of seconds to minutes. Those with

< 18 MeV (lab) are: 2C)P(Tl = 4,4 sec), 171" (66 sec),
2
30

Ethreshold

14O (71 sec), 150 (124 sec), and ~ P (2.50 min). The halflife of

29 2

P (formed by a proton transfer to 8Si.) is very similar to that of
278'1, and both would have been considered as the 4 second activity
in the decay curve analysis. However, significant increases in the
relative amount of this activity were noted as a function of bombard-

ing time on a given target, indicating that 1ZC (160, n) o

Si was
probably responsible, There was no evidence for B emitters of

about one minute halflife in any of the decay curves.

The other two activities, 150 and 30P, were quite serious
since they could have given the wrong cross section for 30P pro-

duction., The reactions forming them would be:
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00 +285 ~ 150+ 2%  Q=-7.2MeV E,___, . =11.3 MeV
ey, 30, e 14.0

160 4+ 295 = 15¢5 4 30g; 5.1 7.9
— 155 +30p 6.5 10.1

o 4 3G 18 4 gy ~9.1 14,0

A commercial 90 pwgm/cm? (1000 ) nickel foil oxidized by heating
it in a pure Oxygen atmosphere was used as the target in some runs.
At E = 12 MeV the cross section for production of 3OP and

cm

315 agreed with the values obtained with SiO targets to within 10%.
Furthermore, the Coulomb barrier for 1()O + Si reactions is
roughly 20 MeV C, M., which corresponds to bombarding energies
of about 30 MeV, The presence of an activity with a halflife similar
to 30P was detected at lower bombarding energies. The P end-
point energy for this activity is less than that for 3OP, and it was
tentatively identified as 150, possibly from a neutron transfer
reaction to Silicon. Although charged particle reactions will be
greated suppressed far below the Coulomb barrier, there are no

such barriers to be penetrated for a neutron transfer reaction, so

they may have measureable yields there,

A schematic of the electronics is shown in Figure 29. The
sequence timer turned the beam on and off by way of a beam deflector
magnet, The photomultiplier high voltage had to be turned off during
bombardments, otherwise there would have been electrical break-

down from positive ion feedback in the tube due to the high count
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Figure 29

Flectronics for the Activation Method.

A1l activation data were taken with basically this system.
At times, an internal (to the analyzer) time base
generator was used to step the decay curve analyzer from one
channel to the next. For very long bombardment and counting
time runs the cycle was controlled manually and the sequence
timer was not used (see the text page 119).
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rates. The photomultiplier did not reco.ver during the counting
period unless it was turned off during the beam on part of the cycle.
Bombardment and counting times were varied. The 315 and 2751
lifetimes ére quite similar, and at higher energies their yield is
substantlally less than the - P yleld, Therefore bombardment
times were typically 3 seconds and counting times ranged from 20
to 55 seconds in order to improve the data on the 16O(l(JC),n) 318
cross section. Longer bombarding times (60 - 180 sec) and count-

ing times were used at lower energies to obtain the 30P cross

sections.

For the time sequence spectra a lower level discriminator
wag set on the photomultiplier pulses to reduce room background
counts. Usually the cutoff was above the 511 keV annihilation radi-
ation Compton edge. Corrections for the true beta counts excluded
were made when cross sections were computed. Discriminator
pulses were fed into a RIDL 400 channel analyzer in the time se-
quence mode to give the decay curve, The dwell time was 0.6
sec/channel with the analyzer internal oscillator, or 0.25 to 4.0
sec/channel with an external oscillator. A typical decay curve and
the corresponding background is shown in Figure 30, In addition
to the time sequence spectra, beta spectra were also taken during

most runs (see Figure 31).
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Figure 30

Beta Decay Curve and Background.

The beta decay curve with the target in and the corresponding
curve for the target taken out of the beam were taken at

B = 11.95 MeV. The curve with the background subtracted
shows three activities (see the three straight lines drawn
through the points). The bombarding time was 3.1 seconds,
the counting time was 50.3 seconds, and the dwell time per
channel was 0.25 seconds. The curves represent a total of

20 cycles each (see the text page 122),
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Figure 31
Typical Beta Spectrum from 16O + 160.
The spectrum of counts from the plastic scintillator used in
the activation measurements is shown for Ecm =9 MeV, A low
energy cutoff was necessary to discriminate against the gamma
background (see Figure 32 and the text page 122).
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Data Analysis

A number of correctlons had to be applied to derive final

cross sections. The general expression used in the analysls follows:

# radioactive \ _ #160 in) , #160tar§ets . [ Cross section) ,
nuclei formed / ~ \ per sec 2 -

per cm in ecm

Time in
sec

16
# O elastically 16 1k
scattered at = NMON = <# O in> " (# o targets) .
0 = 900 per sec Pp—
cm
. AQmon . do 2
it Pty) . in cm™/sr )«
€l,
lab
. Time in
sec .
Therefore

do o\ .
<d§2) (ecm= 90 )> <A9m0n> <# radioactive )
- el.lab .

nuclei formed

=4

o
TOT NMON

< # radioactive
where

nuclel fOrmed) was determined from

# radioactive
NCOUNTS = ( nuclel counted at =

# radioactive > .
end of bombardment

nuclel formed

.| Timing . | Efficiency )| ﬁSpectrum)
Correction Correction Correction / .,
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The timing correction allowed for the nuclei formed which
decayed before the end of bombardment. It could also correct for
deviations from complete equllibrium in the number of 318 and
3OP on the catcher foil. However, at least two or three cycles
were taken before measurements were actually made, so corrections
for nonequilibrium amounted to < 10% and they were not actually
applied. The expression for the timing correction was

Total # formed To {1 - e_TC/T)

¥ at end of bombardment T -TO['T
(1 -e )

where 7T = mean life of the activity, To = bombardment time per

cycle, and TC = total time per cycle.

The efficiency correction allowed for the positrons emitted
but not absorbed in the scintillator. Even with a very large diameter
plastic scintillator, only half the positroens would have been counted
(2w instead of 4w solid angles). In addition, some more B's were
lost by going through the catcher foil. The total correction (includ-
ing the 2w/4w factor) was estimated to be about (2.3 % 0..2)-1 and

a systematic error can be associated with it.

The f spectrum correction allowed for counts missing in
the decay curve because of the discriminator setting. Its value was
estimated using a good statistics beta spectrum (with background
subtracted) at E = 12 MeV with a very low discriminator setting.

The energy calibration was determined from vy spectra of 2'ZNa,
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207

ThC" and Bi. Starting with the highest f3+ endpoint energy

activity, 315, a Fermi curve was fit to the high energy tail of the

spectrum and subtracted off. Curves for 278'1 and 3OP were

successively subtracted in the same way. These fitted curves

were used to estimate the P spectrum correction. Note that it is
different for each activity because of different P endpoint energies.
The summed fitted and experimental curves used are shown in
Figure 32, The areas differed by 20% with too many low energy
counts experimentally, The 12C (160,n) 2781 reaction on a Carbon
foil produced a nearly pure 2781 beta spectrum. The same pro-
cedure was used on thls spectrum, and the fitted and actual areas
again differed by 20%, The excess low energy counts in the spectra
were probably real B particles that had not been stopped in the
scintillator because they were scattered out, or particles that were
travelling nearly parallel to the scintillator surface and lost energy
in the catcher foil before hitting the Pilot B plastic. p spectrum
corrections for the data varied from 0.7 - 33% for 318 and from
1.5 - 360% for UP. They could be estimated fairly well; this was
demonstrated from the variety of discriminator settings giving
agreement of cross sections within experimental errors (except for

the low energy 30P data).

The number of radioactive nuclei left at the end of bombard-
ment, NCOUNTS, was determined from the decay curves. First

background counts were subtracted from the decay curve,

= = + .
L (NDecay NBackground) * JNDecay NBackground



- 130 -

Figure 32
Beta Spectrum and Fitted Curve.

The experimental points are from a good statistics 16o + 16O

beta spectrum with background subtracted at Ecm = 11,95 MeV.
The theoretical curve is the sum of beta spectra for 318,
30P and 2751 fitted to the high energy end of the observed
spectrum (see the text page 129 for details of the fitting

procedure ), and was used to estimate the PB-spectrum
correction.
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During the background measurement with the beam in but target out
it was attempted to keep the beam Intensity constant at all times.
However, there is an error associated with the background sub-~
traction because the beam intensity may have changed between the
target-in and target-out runs., A three parameter least squares fit
was made for N as a function of time, assuming three exponentially

decaying components with the known halflives of 318, 30P 27

and Si.
The fit gave NCOUNTS for each activity. Two activities were not
sufficient to fit the data. Since the background was subtracted, the
values of NCOUNTS corresponded to reactions on the SiO target

only, and not those on the catcher foil.

Results

16 1

The contaminant reaction O+ 12C 3. 3 Si +n was studied
ona 20 gm/cm2 Carbon foil to estimate the amount of Carbon
necessary to account for the observed 4 second B activity. It was
also used to estimate the B spectrum correction factor. The

160+ 12C

monitor counter was left at elab = 452 to the beam and the
elastic scattering was used to normalize the results (see Appendix I).
Total cross sections obtained are given in Table 10 and Figure 33.

These data indicate a layer of Carbon about 0.5 u gm/crn2 was

present on the SiO target foils.

The final cross sections for production of 318 and 30P are

given in Table {1 and Figures 34 and 35, The uncertainties in

energles are estimated to be = 50 keV C.M. from the energy
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Figure 33
Cross Sections for 160 + 120 —e n + 27S:'L.
The cross sections and total errors from Table 10 for
124 (160 ,n) 2Tsi measured by the activation method are
plotted. A smooth curve is drawn through the points. Energy
losses have been taken into account, resulting in an overall
uncertainty in the energies of # O keV (C.M.).
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Figure 3L

16 16 31

Cross Sections for 0 + Q—*n + S.

The cross sections obtained by the activation method for

16O (léo,n) 318 are plotted with total errors from Table 11,
A smooth curve is drawn through the points. A substantial
fraction of the error results from the difficulty in

315 and 27
losses have been taken into account and produce an uncertainty
in the energy of each point of + 50 keV (C.M.).

separating S5i in the decay curves. Energy
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Figure 35

Cross Sections for 120 + 1% —e g + °

or p +n+ 30P.

P

The cross sections obtained from the activation method for

the produétion of 30P from 16O + 160 reactions are plotted
with total errors (see Table 11). The values below

Ecm = 8.5 MeV are less certain because of a background
activity with a halflife similar to that of -°P (see the
text page 119). FEnergy losses have been taken into account
and produce an uncertainty in the energy of each point of

t 50 keV (C.M.). Also plotted are the cross sections for

318, neutrons and deuterons at Ecm = 12 MeV,
For a discussion of these, see the Neutrons Section (page

).

production of
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losses in the target foils, Errors on all three sets of cross sections

consist of:

A) Errors on the beta spectrum corrections 10 - 20 %
B) Timing correction uncertainties + 12 %
C) Efficiency correction errors = 10 %

D) Measurement errors on the monitor

solid angle =5 %
E) Elastic scattering cross section errors 2%
F) Statistical uncertainty on NMON < 3%

G)  Errors on background subtraction
from an incorrect amount of beam
during the background run or errors
resulting from changes in beam
intensity during the run causing a
chanse in equilibrlum concentrations
P or 31s (estimated) : +5-20%

H) Least squares fit uncertainties for

"NCOUNTS

At higher energies the errors are generally larger for 315

than for 30P because it was difficult to separate the 315 and 275'1

in the decay curves. The yield of X

P" did not change as a function
of discriminator cutoff above Ecm = 9 MeV, so It was concluded that
there was no contaminant activity with a halflife of about 2 to 3
minutes with a sizeable yield compared to the actual 30P yvield at
these energies. The longer lived activity was studied with very high
discriminator cutoffs, as well as the usual cutoffs, and with long
bombarciment (To = 3 min) and counting times (TC = 10 min) at

ECm = 8.45 and 7.95 MeV., At the former energy the cross sections

for forming 30P agreed at larger cutoffs, but Increased with lower
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cutoffs, thus indicating the presence of a contaminant activity with

15

a 2 to 3 minute halflife but lower P endpoint energy (such as 0).

At Ecm = 7.95 MeV only a limit on the cross section could be

obtained (see Table 11). The 318 cross sections did not exhibit

variations with discriminator cutoff. Average values of the cross
sections at each energy are also given in Table 11. Note that the
30

P cross section falls much faster with decreasing energy than

the 315 cross section,
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NEUTRONS

Introduction

The cross sections for the production of 30P as measured
by counting P particles, and for production of deuterons as
measured with the counter telescope, differ by a factor of 11 at
Ecm = 12 MeV and a factor of 9 at 10 MeV. The difference is
attributed to three body reactions, and as a check, a measurement

of the neutron yield was performed at E o, = 12 MeV,

Disregarding exit channels with large negative Q wvalues on
the basis of Coulomb barriers to be penetrated, the most important

modes of neutron production should be

ABs 1 ¥y o Bl 4 o

—*3OP +p+n

—-»27Si+af +n

The vy ray spectra taken indicated that other exit channels are
negligible and that the “lgy yleld was probably smaller than the
315 yield., Since a certain amount of Carbon contamination cannot

be avoided when using foil targets, the reaction 16O s 12 &

C—""Sl+n
must also be taken into account. The activation data showed that
Carbon buildup on the target was sufficiently slow to keep the neutron
yield from this reaction lower than the yield from 318 +n at

Ecm = 12 MeV for many hours. In addition, a liquid Nitrogen trap
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was used at the entrance to the target chamber to reduce Carbon

buildup.

If the cross section determinations from either the radio-

activity measurements or from the deuteron (charged particle) data

30

were incorrect, and all 30P were formed in the P +d exit

channel, then the number of neutrons would be at most 2 or 3 times

30

the number of 315 formed at Ecm =12 MeV, However, if P

16O(“’O,pn) the number of neutrons should

wasg produced mainly by

be 11 to 13 times the 315 yield. Even with the usual uncertainties

in measuring absolute neutron cross sections, the large factor

between the two alternatives made the experiment feasible., It was

concluded from the results of the neutron measurements that both
30

cross section determinations are consistent and that P is mainly

produced by three body breakups.

Experimental

A SiO foll target, similar to those employed in the activation
measurements, was bombarded with a 24 MeV 16O beam. The
target thickness was 210 * 60 keV (lab) (see the Activation Method
Section, page 112). The low detector efficiency and difficulties in
localizing the target reglon for taking angular distributions prevented
the use of the gas target, The target chamber was 10 cm I.D. with
3.2 mm thick brass walls. As usual, the cross section was nor-

malized to the Mott scattering at elab = 45° using a monitor counter

with solid angle
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4

a9 = (3.6 £0,3) X 10 " sr.

MON

This value was obtained from purely geometrical measurements.
A correction for the finite beam spot size (< 2 mm square) to the

monitor counts was estimated to be < 10 %.

Precautions were taken to reduce the neutron background as
much as possible, In addition to shields of boron loaded paraffin
and cadmium against neutrons produced upstream from the target
chamber, there were no slits or collimators near the target, Instead,
the beam was first focused on slits 10 m from the target. Passing
through a magnetic quadrupole about 4,7 m from the target, the
beam was then focused to a 1 X magnified image on a plece of quartz
at the back of the chamber. The beam stop durlng the actual measure-
ments was not the quartz, but a piece of tantalum with a Jayer of gold

evaporated on it.

The choice of detectors was limited by the large y flux. A
standard long counter, similar to the shielded counter described by
Hanson and McKibben (1947), was chosen because of its low y sensi-
tivity and fairly flat neutron response (see Figure 36). The angular
distribution of the neutrons was taken at a constant distance of 26 cm
from the target to the front face of the long counter's inner wax

cylinder.,

The neutron counter efficiency was determined with a "call-

brated"” (to about = 10%) Pu-o-Be source in the place of the target.
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Figure 36
"Long Counter" Response and the Predicted

Neutron Spectrum.

The response of a standard "long counter" for neutron
energies up to En = 9 MeV was taken from unpublished data in
Mlen (1960). An extrapolation up to E = 18 MeV was made
using an equation fitted to this data (see page 150). The
neutron spectrum calculated on the basis of a compound nucleus
model is also shown (see the text page 150). Both were used
to estimate a correction to the measured neutron production

cross section to allow for a non-flat response for the "long
counter",
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This source was tested against a "calibrated" (again to about * 10%)

Ac~a-Be source and a 40% discrepancy in the number of neutrons
detected by the long counter was found. From an average of the two

sources, and the number of neutrons counted, the efficlency was

||dgll
4

= (1.10 % 0,22) X107 %,

Relative efficiency = Absolute efficiency -

The uncertainty was assigned from the source calibration. However,
the detector response was not perfectly flat, and the neutron spectrum
from the reaction did not duplicate that from either source, so a

correction to the efficiency had to be estimated.

Following each measurement, a background run without the
SiO foil was performed at each angle to allow for the nonlsotropic
neutron background. The beam intensity remained approximately
constant throughout the experiment, and counting times ranged from:
10 to 25 minutes. The low count rate relative to background pre-

vented lower energy measurements,

Data Analysis

The data were first analyzed assuming a perfectly flat long
counter response, or alternately assuming that the source spectrum
16
and O+ 160 neutron spectrum were identical, The differential

cross section was computed from

a2

%) _ dO’) . ( N ) s MON
d - d \ NMON . ( Relative efficiency
kab Lak wE <of the long counter

flat resp. el.sc,
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The relative efficiency and monitor solid angle were directly meas-
ured, and the elastic scattering cross section was computed using the
results of Figure 5 in the Elastic Scattering Section. Table 12 gives
the observed values of N/NMON and their purely statistical errors.

The total cross section is

i}

1 do
o ng d(cos elab)'m
lab

-1
flat response flat resp.

60 = 17 mb,

The error was computed assuming 15% uncertainty in graphical inte-
gration and extrapolation of the angular distribution to backward

angles (see Figure 37).

Taking the important exit channels as 318 +n and 30P + np

in these measurements, the following equality should hold at Ecm =

11,95 MeV:

0'(30P production) + 0'(315 production) Z o(n production) +o(d production)

(64 %14 mb) + (6.2 % 1.5 mb) (60 £ 17 mb) +(5.4 = 1.4 mb)

ISV

66 = 14 mb = 65+ 17 mb

The conclusion is that the three body breakups are responsible for
most of the 30P formation. Information from the activation method
decay curves indicated that the left-hand side should perhaps be

16o+12 27

iarger by 2 £ 1 mb if the C— " 'Si +n reactions were

included.
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Figure 37
Differential Cross Section for

Neutron Production.

The laboratory differential cross sections for neutron
production measured with the long counter is plotted as a
function of the laboratory angle. Even with the large active
volume of the long counter, it had to be moved fairly close
to the target because of its low absolute efficiency and the
low neutron yield. Thus, the long counter subtended a large
angle, The smooth curve drawn through the points was used
to determine the total cross section.
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In the previous analysis no correction was applied for the

variation in detector response with neutron energy. An attempt was
made to estimate the size of such a correction. First, some un-
published results given in Allen (1960) show that the long counter

efficiency relative to a Pu-a-Be source

2o
Relative efficiency = 0.3206 FT}Z{*F“ - 0.02167E_(MeV) +0.8406
c H

fitted the measured points to 1,5% RMS for E =1.5t0 9 MeV.

Here T H and o, are the neutron total cross sections for Hydrogen
and Carbon. Below about 1 MeV the efficiency drops off again, the
precise values depending critically on the long counter design. No
measurements could be located for En > 9 MeV, so the above expres-

sion was used to extrapoclate the response up to En = 18 MeV (see

Figure 36).

Second, the neutron spectrum was estimated using the com-
pound nucleus model of Blatt and Welsskopf (1952) as described in
the Introduction. The density of states in all heavy nuclel of concern

was taken to be that of a Fermi gas system with zero spin

_ const
p= —— exp (ZVaEexc) .

E
exc

The value of a = 4 MeV"1 was again used. Both two and three body
contributions were included and the result is also given in Figure 36.
The C,M. neutron spectrum derived in this manner was transformed

into the laboratory frame and then folded into the efficiency curve of
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Figure 36, yielding a correction of about 4% (see Table 12), It is
well within experimental uncertainties. The total cross section for

neutron production is then

o =62 % 17 mb,
n

corrected
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12 0

¢ +2°Ne PRODUCTION

Introduction

The 12'C * 2oNe exit channel could not be studied by the
previous techniques (detecting P particles or light particles).
Information was not even available from the y spectra, since no

%
peaks were identified as coming from 12C or “

Ne*, and since a
sizeable fraction of the yield in this channel may leave the reaction
products in their ground states., Assuming this channel preceeds by
a direct reaction mechanism with the o tunneling through the

Coulomb barriers, Buchler (1969) estimated that the branching

ratio to 22C + 2ONe was < 20% at E__ =10 MeV.

In order to determine the cross section for forming 12C and
2ONe in their ground states, the particles were detected in coinci-
dence., Measurements were restricted at some angles by energy
loss and multiple scattering in the SiO foil target and at others by
high elastic scattering count rates, The angular distribution was
thus obtalned only for 352 < ecm < 145°, However, these data were
not sufficient to determine the cross section to within 50%. An
attempt was made to obtain data at more forward (or backward) C. M.
angles using the 61 cm magnetic spectrometer, Elastically scattered
particles and the many charge states of 160 only permitted the
measurement of a lower limit to the total cross section of this

channel, In addition, the cross sections for the reaction leading to
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excited states werenot measured. Hence only a rough estimate of

the jLZC + 2'oNe total cross section was obtained, All data were for

E = 11,95 MeV.
cm

Experimental

The discrimination against other reactions provided by the
kinematic coincidence technique permitted the use of a solid target,
Such a technique would be difficult to perform for a gas target
because of its low density and large counter solid angles. A SiO
foil about 200 keV thick to a 24 MeV 16O beam was used, giving

a high density of localized target nuclei. The presence of a Carbon

contaminant was noted, but it did not affect the measurement,

Two solid state detectors were used, one mounted on each
moveable arm in the 61 cm scattering chamber. In these runs the
laboratory angle was callbrated and the proper counter height was
determined with a telescope zeroed in on the chamber entrance slits.
In addition, the number of coincidence counts as a function of one
counter angle, with the other detector fixed, showed a maximum
within 0.5° of the proper angle settings as determined above., Three
independent sets of measurements were performed using different
collimators and solid angles. The best data were obtained for one

counter with small (A8 =% 0,5°, Ad==1.4°, AQ = 7.9% 10™% a1)

and the other with large (A® = #1.8%, A¢=%3.2°, AR = 6.9%X 107>

sr) solid angle and acceptance angles,
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The beam passed through the foil into a Faraday cups. The

beam intensity and target thickness were related to the integrated
current in the cup by measuring the yield of Mott scattered 16O
nuclei at 9cm = 90° with the two solid state counters. The correct
angle was determined as usual by maximizing the elastic scattering
counts with angle, affording still another check on the angular cali-
bration. As a result, the counter solid angle did not enter into the
calculation of the differential cross section (see Data Analysis). The
beam current was held approximately constant at about 200 na of

24 MeV 05+, and corrections to the data for beam angle changes of

+ 0,4°

and the finite beam spot size (< 3 mm square) were estimated
to be leas than 14%. Counting times ranged from 5 to 40 minutes

per point,

Pulses from the two counters were amplified and fed into the
Nuclear Data analyzer used in the two dimensional 64 X 64 channel
mode, The signals were also sent into timing single channel
analyzers and from there into an Ortec Fast Coincidence module
(90 ns resolving time). Its output was stretched and delayed and then
sent into the analyzer coincidence inputs. The energy scale for each
counter was calibrated using elastic scattering peaks at several

angles. A typical spectrum is shown in Figure 38.

Each spectrum was screened for all peaks present. Random
coincidences between two elastic scattering groups were often seen
and were usually separated from the desired counts. True coinci-

dences from elastic scattering of the beam from a Carbon contami-
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Figure 38

Two Dimensional Coincidence Spectrum for
16o + 160 ""12C . 20Ne.

A typical coincidence spectrum with the forward counter at
34° and the backward counter at 50° is shown. One
contaminant group is the 12C + 160 elastic scattering
counts. A few counts from elastic scattering off other
nuclei in the target are also present. At some pairs of
angles, 160 + 160 elastic scattering counts were quite

strong, but they were always separated from the desired group.
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Y

nant on the SiO foil gave a large number of counts at some angles,
but these were always separated from the 12C g ZONe group.
Positions of all peaks from runs in one of the three sets of data is
shown in Figure 39, The 12C + 20Ne counts were identified from
the energy callbration, and random coincidences described above
were excluded., The separation of the two lines in Figure 39 reflects
the - 2.4 MeV Q wvalue for 16O + 16O i 12C + ZoNe as compared
to Q =0 for elastic scattering., This provides still another check

that the peaks were properly identified.

A SiO foil target was used for the data taken with the mag-
netic spectrometer (A8 = 2%, A¢ =% 1°)., The 16 counter array

served as the detector. The energy scale for each of the 16 counters

16 i 2 88

was eallbrated wih ~°0 + 8i0 and °C recols frots

elastic scattering at 6 = 10° and 21.5°. Different charge states

2

lab

of 12C and ONe were tried, but the desired counts were always

obscured by tails from 16O elastic scattering lines, The best upper

+
limit on the differential cross section was obtained by looking for 7

160 16

2ONe at © + 77O elastic scattering

- (0] _ (o4
lap = 70 (0 = 162.8°).

was detected in a monitor counter at o= 90° and was used to
integrate the beam intensity and measure the target thickness simul-

taneously.

Data Analysis

The differential cross section for the coincidence method was

determined from the equation
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Figure 39
Positions of Coincidence Peaks in
120 + 2ON‘e Spectra.

The channels at which peaks were observed in the coincidence

160 " 160 - 12C - ZONe —

spectra of one of the sets of
is shown. Accidental coincidences between O + O and
0 + 51 elastic scattering groups are excluded. Most of the
coincident "elastic" points were from O +C or O + 0

elastic scattering.
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%5) _ d0'> ,(_Ij),( Qo >.< C.M. Factor )
ase/ . . Q NMON C.M. Factor,,

cm
el. sc,
where dcr/dﬂ)cm is the elastic scattering cross section at
& el- SCe
Gcm = 907 determined from Figure 9 (Elastic Scattering Section),

N is the number of counts in the 12C + ZONe peak and Q is the

integrated current in the Faraday cup. The ratio QO/NMON is
the measured ratio of integrated current to monitor counts (Ocm =
900) corresponding to the counter which defined the angles ch

and ¢ of the reaction, whereas the other counter was always wide

enough to catch the second particle,

A number of corrections were applied, When one counter
was near elab = 90°, the foil was turned slightly, so the coincidence
counts were adjusted for the increase in target nuclei. The analyzer
deadtime was always monitored and corrected for. The effect of
multiple scattering of the reaction products in the foil was difficult
to estimate. Under the assumption that the angular distribution after

scattering in the foil is purely Gaussian
2 2
N(6) = N(0°) » =8 /(8%

and that the laboratory angular distribution was approximately iso-

tropic over an area larger than the counter, the ratio

R = # coincidences if no multiple scattering
- # coincidences detected

was computed for each point taken. Values of (92) were determined
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from Marlon and Zimmerman (1967) for each particle and angle.
The corrections were < 5% for the best set of data, and were typl-
cally 1 - 15% for the other two sets., Coincidences lost by multiple
scattering were somewhat compensated by particles scattered into
the detectors, so R was always near 1,0, Marion and Zimmerman
{1967) indicated that sizeable deviations from a Gaussian distribution
occur at |6] > 1.3«/2;2; where single scattering events become

12

dominant. This mainly influences the correction for the higher C

and ZONe energies, where V(GZ) is quite small (< 0.2°) in any

case,

Table 13 presents the weighted average and relative errors
for the differential cross sections., These errors are from statistical
uncertainties in the number of counts N, and from deadtime and
multiple scattering corrections (£ 15 % since the number of counts
in the laboratory was not isotropic nor was the scattering pure
Gaussian)., In addition there is an overall error of %= 15 % estimated
for the finite beam spot size, for changes in the incident beam angle,

and for the charge integration.

The identity of bombarding and target particles requires the
angular distributions to be symmetric about ecm = 90°, so the data
are plotted for 6 = 0% to 90° in Figure 40, There is a lack of points
with ch < 35° for two reasons: 1) at very forward angles the
elastic scattering count rates became prohibitively high, and 2) for
these C.M. angles one particle has a very low laboratory energy,

so energy losses and multiple scattering In the SiO foil became
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Figure LO

Angular Distribution for

160 + 16O i 12C(g.s.) + 20Ne(g.s.).

The final differential cross sections for the 16O + 16O -

12C(g.s.) + 2ONe(g.s.) reaction are plotted from Table 13.
The two curves drawn through the points are the "best" fits
from Table 1ll, and they give quite different total cross
sections.
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excessive., Note the presence of an Ilsolated value for the 1‘ZC (gs) +

2ONe (1.63) and a single limit for the 12C (gs) + 2ONe* (4. 25) and
%*

1?“C (4.43) + 2ONe (gs) differential cross section.

Results

An attempt was made to determine the full angular distribution
from just those measured values, Since all particles involved have
spin 0, and since the Incoming and target particles are identical,

the angular distribution must be of the form (see DeBenedetti (1964))

(03} 2
do - ;
m) = Z ALPL(cos Gcm) AL complex.
cm
L=0
even

Classically L ~6 at Ecm =12 MeV, so L <10 was assumed, This
still left more parameters than points. Therefore a least squares

fit to the data with a function of the form

or the corresponding function for three L values, was attempted,
Solutions were required to have A,C = 0 and Bz = 4AC etc. The
best fits are given in Table 14, with the two best plotted in Figure

40, The total sections were computed from

(e 0]
_ do - 2 4w
“roT ° S 2w d(cos ecm)'ﬁn) = }: lap 1% 507

cm 1.=0
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The values of ¥ . for the three parameter fits are very large,
indicating that more than two L wvalues are necessary. Two fits
with slx parameters seem satisfactory, but unfortunately give quite
different cross sections, It appears that 1. = 4 I8 probably present,
but this could be expected since the zeros of P4 (cos 8) occur at

= 30.6° and 70.1°, close to the minima in the angular distribution.

The spectrometer data were used to chose between the two

cross sections from the fits, The cross section was derived from

.—j;_l

Eff AQ

dcr) _ dO') o N ) —
aQ T AR NMON

cCm cm

el, sCe

The limit to the desired counts N was estimated from the spectra

of the 16 counters in the array. Solid angles were determined from
the known monitor counter geometry and the spectrometer opening.

A correction was applied for the ratio of the particles detected by

the array to the number entering the spectrometer (Eff). The upper
limit to the differential cross section was 6.5 mb/sr at O =
162.8° (see Table 13)., At this angle the L = 2,4,6 f{it to the angular
distribution gives do’/dQ)crn ~ 14 mb/sr, whereas all other fits in

Table 14 give do/df2)_ < 2.5 mb /sr.

16

Thus, it is concluded that the cross section for 160 + 70—

'2C (gs) + *ONe (gs) at E__ = 11.95 MeV is

o(C +Ne) =83 mb.
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A lower limit to this cross section s

145°

do -
o(Ne + C) > S 2w d{cos ch)-m)cm = 5,2% 0,8 mb .

35°

The error on the fitted cross section was chosen to cover the cross
sections predicted from the best fits (excluding the L = 2,4,6
solution). No particular significance was placed on the L values

of the best fits except that L = 4 is probably present. Note that the

cross section for the 12C + 2ONe exit channel was not obtained

since reactions leaving 120 and/or 20Ne in excited states were

not measured., The latter cross sections cannot be large since no

12

characteristic y's were observed from excited states in either C

or 2oNe.
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CONCLUSIONS

The data from each of the sections are summarized below:

A) Elastic Scattering

1)

2)

16 16

All measured O + O cross sections are normalized

160 + 16

to the O elastic scattering data at acm = 90°,

160 16

The differential cross section for + O elastic

scattering at ch = 90° is smooth except for a bump

near Ecm = 10,5 MeV, There is no structure similar to

that in the 1ZC # 12C case; thus, large variations, such

12C + 126 reaction cross section, are -

160 + 16O reaction cross sections.

as those in the

not expected in the

B) Gamma Rays

1)

2)

The important exit channels for 160 + 160 reactions at
E__=7to12MeV are >'P +p and/or 3051 + 2p,
28 24 27 30

St +a, ““Mg + 2a, “'Al ta +p, P +d and/or

30 0

B #5 +5, *r8+n, and perbaps 700 * “ONe.

The gamma yield as a function of bombarding energy was

160+16 12 12

much smoother for O than for C +°7C, again

suggesting that the large variations in the reaction cross

12 12

sectlon for C + "7C are not present in the 16O + 16O

case, Large steps In bombarding energy were justified

for 16O + 16O reaction cross section measurements.
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C) Charged Particles

1)

2)

The production cross section for alphas is about 2 to 3
times less than for protons from Ecm = 7 to 12 MeV,
and the production cross section for deuterons is more
than an order of magnitude less than for protons at

3H or 3He were definitely

E =10 to 12 MeV. No
cm

identified.

Three body events in the charged particle spectra may

not have been properly analyzed, but the total production

cross section was not significantly influenced and was

approximately correct, This was demonstrated by evalu-

ating some of the data by an independent method.

D) Activation Method

1)

2)

The cross section for production of 3OP is an order of
magnitude larger than for production of 318 at Ecm =
12 MeV, and they are about equal at Ecm = 8 MeV.

The precision of these measurements suffered from con-

taminants in the SiO foil target.

E) Neutrons

1)

Three body breakup reactions account for over 85 % of
the production of 30P at Ecm =10 to 12 MeV.,

The production cross section for neutrons is about 5 to 8
times less than for protons from Ecm = 8 to 12 MeV,
assuming the exit channel 3OP +p +n accounts for most

of the formation of 30P at these energles,
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F) 12C + 2ONe Production

16 16 1

1) The cross section for o+ "O0— 2C (gs) + 20Ne (gs)

was found to be 8 £ 3 mb, a factor of 40 below that for the
production of protons at Ecm = 11,95 MeV.
The experimentally measured cross sections are given in Tables 7

and 11 and in Figures 26, 34 and 35.

To obtain the total reaction cross section at the lowest bom-

3ZS 31 30 12 20

barding energies, estimates of the S, P and C + ""Ne

production cross sections are required. The following assumptions

were made for this purpose:

1) ¢ (*°P) = ¢ *'s) below E__ =8 MeV. The data at higher
energies indicate that the two cross sections approach
each other with decreasing energy, the two being approxi-

mately equal at E__ ~ 8 MeV (see Table 11),

31

2) The cross section for S +n remains about 9% of the

proton production cross section below Ecm = 7.4 MeV.
This is approximately the corresponding ratio at Ecm =

8.85, 7.85 and 7,32 MeV,

16 6 0

3) The total cross section for O+ i Q 12C + 2 Ne is

assumed to be 10 £ 4 mb at Ecm = 11,85 MeV, slightly

1

higher than the cross section measured for ZC (gs) +

20Ne (gs) to allow for the formation of excited states in

either 120 or ZONe. The branching ratio for the

1?‘C + 2ONe exi{t channel is assumed constant at the

approximate value for Ecm = 11,85 MeV,



~ 170 -

4) o (328) e~ O, It is assumed that electromagnetic decays of
any 325 formed (with an excitation energy of roughly
25 MeV) do not compete significantly with the strong
decays (emission of one or more particles).
The first two assumptions will not seriously affect the extrapolation
of the total reaction cross section to lower energlies since the branch-

Mern, Ypsa, ang 29

ing ratio for the P +p +n exit channels is
small. The fourth assumption could not be checked experimentally
(see the Gamma Rays Section, page 55 ), but is expected to be true
on general principles. Furthermore, the energy dependence of the
cross sections for these four exit channels will be dominated by the

Coulomb barrier penetration factor for 16O + 16O, as Is also true

for the 31P + 1.y 2881 +a, 3051 + 2p, etc. channels, On the other
hand, the third assumption is an attempt to include the 12C T 2ONe
exit channel without unnecessarily biasing the total reaction cross
section, If a direct interaction (a-transfer) is largely responsible

for the 12C + 20Ne yield, then the energy variation of the cross

section could be different from the other exit channels,

Since the major fraction of the total reaction cross section
occurs in proton and alpha emitting channels, the activation measure~
ments were interpolated down 100 keV (C.M.) to correspond to the
same C.M, energy as the charged particle data. The interpolation
was performed by drawing a smooth curve through the activation
data (see Figures 34 and 35). The uncertainty assigned was taken to

be the same as that of a typical measurement at an energy about
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100 keV (C.M,) higher,

The central problem in deriving reaction cross sections from
these data is the presence of three body breakup reactions, From
simple theoretical arguments (see page 14 and Figures 2 to 4),
and from the experimental results of the Gamma Rays and Neutrons
sections, three body exit channels are important in 16O £ 160
reactions at the energies studied. Not only is the absolute percentage
of three body reactions important, but the variation of this percentage
with bombarding energy may significantly influence the extrapolation

of the total reaction cross section to energies below those measured.
Upper and lower limits to the total reactlon cross section are

o (o) + o (12C + ZONe) +

Lim = Lim P v
(0P + o (Pls) = o (n) + o (d))

with crLIM(p) and o-LIM(a) the corresponding limits to the charged
particle cross sections, These were discussed in the Charged
Particles section (page 107). The upper limit was derived by assum-
ing all @ and p counts were from two body exit channels. The
lower limit was obtained by taking as three body breakup reaction
products all counts that were not definitely from two body processes.

These are given in Table 9.

A better estimate of the upper limit can be obtained by sub-

tracting off known three body reactions, namely 30P +pt+tn events
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or o (30P)‘ The Neutrons section demonstrated that over 85% of

all 3OP formed in 16O + 16O reactions was produced by this exit

channel at Ecm = 10 and 12 MeV. The cross section for 30

P +4d,
o(d), is not entirely neglected by this procedure. In the charged
particle spectra taken with the counter telescope of Figure 13,

protons and deuterons could not be resolveds. Any deuterons in the

tail of the proton line were counted and analyzed as protons. How-
ever, an improper center-of-mass solid angle factor was therefore
applied to such counts. On the other hand, the number of deuterons
was very small compared to the number of protons at higher energles,
and no indications of a deuteron line were observed at lower energies
in the two-dimensional charged particle spectra. Arguments in the
Introduction based on Coulomb barrier heights and Q wvalues also
suggest that the deuteron production cross section is small compared
to the total reaction cross section at lower energies. Furthermore,
the error introduced by incorrectly analyzing any deuterons did not
seriously affect the production cross section for protons and deuterons,
This was demonstrated by the agreement of the cross sections obtained
by analyzing the data with two independent methods. Thus, it is con-
cluded that a meaningful 1imit to the reaction cross section can be

obtained in this way.

The final total cross section limits were computed from

(@ + o3P + o(31s) + o(1%c + ONe)

“lower Ulower(p) ¥ Ttower
lim 1lim U1 1im 1I
= 31 12 20
Supper= TPrudnetion® TD ¥ Ppse guapan®® P 5 FoT0 + 7 Na)

lim
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and the results are given in Table 15, The final cross sections are
the average of these two limitss The total cross sections for the
lowest two energies were derived from the upper limit only and the
assumption of 17% to 20% three body reactions. These percentages
were estimated from the three body fractions at the other four
energies. Errors are estimated from the uncertainties in the three
body percentage, errors on the measured cross sections, and uncer-

tainties in the extrapolated cross sections.

The values of S for these cross sections are plotted in
Figure 41 for g =0.84 Mo:aV"1 (this corresponds to an interaction
radius R = 7.24 fm; see the Introduction, page 5 ). A set of
different values of the parameter g were tried, but in no case was
S a constant below about Ecm = 9 MeV, The 16O + 16O gamma
vield in Figure 12 uses the same value of g and exhiblts an energy
dependence similar to that for the total reaction cross section, On
the other hand, a constant S was not expected, The measurements
were made at energies close to the Coulomb barrier and there is a

large angular momentum probably involved, neither of which are

properly accounted for by the simple expression

17901 - gE) =

YE

Furthermore, the variation in S is less than a factor of 5, whereas

the measured cross section changes by nearly a factor of 105 !

(ree-—s—e (-
T SXp
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Figure L1
16O + 16O Total Reaction Cross Sections.
: : 16 16
The total reaction cross sections for 0 + 770 and the

total errors are plotted from Table 15. The barrier
penetration factor has been factored out (see the text page
173). The value of g corresponds to an interaction radius
of R = 7.24 fm. Energy losses have been taken into account,
resulting in an overall uncertainty in the energy scale of

+ 50 keV (C.M.).
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Attempis were alsc made to fit the cross sections with the

expressions
G = %— [S(O)+S'(O)-E+S"(O)'E2/2] exp ( - %—%—'—1- )
and

e/E

5@ Zp
osSE § ?-31‘@[1 V@) - E drg"

e |- [1- 2N -HE T
(The latter is the correct WKB approximation expression for
angular momentum L=0. Here u = M1 M2 s E= Ecm’ R = interaction
Wb
radius, E, = lezez/R and V(r) = lezez/f.) In no case was there
an obvious method to reliably extrapolate the cross section down in
energy to below Ecm = 6 MeV. On the other hand, the extrapolation
is not so crucial since the measurements actually extend into the
astrophysical region of interest. Therefore, much more detailed
studies of nucleosynthesis during Oxygen burning should be pérmitted
by the branching ratios and cross sections contained in Table 15.
These are the first measurements of the total reaction cross section

for 160 + 160 » the most complicated astrophysical nuclear reaction

ever studied.
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APPENDIX I

C+C AND C + 0O ELASTIC SCATTERING

The slastic seattaring of 20 # M2 ama 2% + Y00 wess

measured at ecm = 90° using the differentially pumped gas target

and the same counters as for the 16O 53 16O measurements, A

mixture of high purity CH4 and Ar gases was used at a chamber

12

pressure of 2,5 - 3.1 torr. For the C + 120 scattering the

energy loss to the 12C bearm before reaching the target was computed
from the curves in Northcliffe (1963) to be 150 * 100 keV (lab). The
data are given in Table 16 and Figure 42. Most of the values in the
region Ecm = 3,9 - 6.4 MeV conslist of three or four different
measurements. The minima in the curve correspond in energy to

12

peaks in the total reaction cross section for 12C + "“C and in the vy

yield (see Figure 12), The lack of such structure in 16O + 16O

elastic scattering except for the anomaly near Ecm = 10,5 MeV

suggests that the total reaction cross section for 160 + 16O is

smoother than for 2C +12C, Almgvist et al. (1960, 1963) and

Bromley et al. (1961) also took data on the 12C + 120 elastic
scattering at Gcm = 90°, The energies of maxima and minima agree
within the uncertainties quoted above for the data of Figure 42, This

160 4+ 16

is in contrast to the O elastic scattering (see the Elastic

Scattering sectlon, page 36).

16 12

The " "O + ""C elastic scattering was measured in steps of

E16 = 250 keV (lab) at several angles, These data were mainly
O
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Figure 2
120 + 120 Elastic Scattering.

The ratio of the differential cross section for 120 + 120

elastic scattering at ecm = 90° to the Mott scattering
cross section is plotted. All errors are total errors (see
Table 16 and Appendix I). Energy losses in the gas have been
subtracted and produce an overall uncertainty in the energy
scale of # 50 keV (C.M.).
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160 27

taken in order to normalize the 4 12C —~n + Si cross section

(see Activation Method, pagel32 ), The detectors were located at

o

angles of © = 273 ; 45.00, 55.00. The energy loss to the beam

lab
before reaching the target was estimated to be 230 = 100 keV (lab),

The results are given in Table 17,
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APPENDIX II

12 +12

THE "“C C y YIELD VS. E
cm

Using a Carbon foil 10 p gm/cm2 thick and Carbon beams of
0,6 pa (12C,3+), the o + Mg Y yleld was measured as a function
of energy in 40 - 50 keV C.M, steps from 3.7 - 7.5 MeV. The com-
bined beam intensity and target thickness were monitored by elastic
scattering at Ocm = 90°, using the results of Appendix I, Only one
discriminator cutoff was employed, EY > 1.4 MeV, The data were
analyzed in the same way as in the Gamma Rays aection (page 56 ),
but the normalization was to 0,087 mb at Ecm = 3,99 MeV. This
permitted a direct comparison of the E varlation with Ecm for the
Y yield and for the charged particle measurements of Patterson,

Ig & 120 reaction, The energy

Winkler and Zaidins (1969) for the
loss of the beam in the foil was estimated to be 60 keV (lab). The
results are given in Table 18 and in Figure 12, The value of g used
was taken from Patterson (1969). The agreement between the vy
yiéld measurements and the charged particle data may have been
poorer if some other discriminator cutoff had been used., For
example, the strong 0.44 MeV vy line from 23Na (1~0) was left out
by the discriminator cutoff. Significant changes in the relative

12 12

intensities of lines in the y spectrum were noted for C+°7C

over changes in Ecm of roughly 100 keV as well, For a discussion

160 + 16

of these results relative to the O reactions, see page 58.
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Table 1

The Ratio of the Elastic Scattering to the Mott Scattering Cross
1 1
Section for 6O + 60
Energy losses have been included, but there is an overall uncer-
tainty in the c. m. energy scale of + 50k eV (c.m.) (See the
text page 36 and figure9 ).

E Ratio to Mott E Ratio to Mott
cm cm
7.34 MeV 0.989 + . 006 10, 35 0.961 + , 004
7. 44 .982 +.018 10. 45 .958 + .004
7.54 .995 + .018 10,55 . 966 + ,005
7. 64 .996 + .017 10. 65 . 966 + ., 005
7. 74 1.012 + .018 10. 75 . 963 + ,005
7. 84 .991 + .006 10, 85 .967 + . 005
7. 94 1.016 + . 017 10. 95 .956 + ., 005
8. 04 .984 + ,016 11,05 . 948 + , 005
8. 14 1.002 + .015 11. 15 .915 + ., 005
8. 24 1. 006 + .015 11, 25 .908 + . 006
8. 34 1. 000 + . 004 11. 36 . 886 + .005
8. 44 1.019 £+ . 015 11. 46 .862 +.006
8. 54 1.008 + .014 i1.56 .833 +.006
8.59 1. 002 + .006 11,66 .774 £ . 005
8. 64 .974 + .013 11. 76 . 735 + . 006
8. 74 . 977 + .014 11, 86 .704 £+, 006
8. 85 . 995 + .004 11.96 .663 + ,006
8. 95 1. 006 + .008 12. 06 .608 + . 006
9. 05 . 990 + . 008 12. 16 .579 £ .005
9.10 .994 + .005 12. 26 .544 + . 005
9. 15 1. 004 + .008 12,36 .498 + , 006
9. 25 1. 003 +.007 12.61 .416 + . 005
9. 35 1. 003 +,004 12. 86 . 363 +,005
9. 45 . 998 + .005 13, 11 .318 + .005
9. 55 1. 000 + . 005 13,37 . 280 + . 005
9. 65 1. 005 + . 005 13.62 . 223 1,004
9. 75 1.003 + .004 13,87 .198 +.004
9. 85 1. 003 +.004 14,12 .149 £ .003
9. 95 1.003 + .004 14, 37 . 115 + ., 003
10. 05 . 995 £ .004
10, 15 . 986 + .004

10. 25 .975 + .004
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Table 2

Relative Number of Counts in Gamma Spectrum Peaks

(all numbers are normalized to 1000 at E = 2.23 MeV).
Ecm =12 MeV and all ratios are + 20 %. See figures 10 and 11.
Relative
EY I?D??il?ieerncy Nucleus O2 gas NiO Quartz sio?
0.511 5. 86 Annihilation 7700 1000 10000 2300
.71 3. 94 30p 870 920 550 530
x B0 3.18 27Al 270 170 220 400
1. 01 2.55 27A1 480 400 220 420
1. 27 1. 96 3’1P, 3081, ve D20 630 650 840
1.37 1. 79 24Mg 350 350 240 660
1. 46 1. 66 3OP 320 340 260 280
1.78 1. 31 2851 670 390 500 710
2. 23 1. 00 31P, 3OSi, .. 1000 1000 1000 1000
Total counts in 2. 23 MeV peak 20700 13400 13100 3800

2
a) A 20 'u,gm/cm SiO foil was also used under the same

conditions as the other solid targets (see page 50 of the text).

Its spectrum is not shown.
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Table 4

Estimated Branching Ratios for the Production of Heavy Nuclei.
All results are normalized to the 28Si yield = 1. 00 (see the text

page 55).

y Decaying Nusleus Relative Strengths

E = 24 20 18 MeV

2B 1. 00 1. 00 .00
e <. 4 <.1 <.2

“Ta1 <.5 <.3 <.2

Ay 1.0 .5 2

27Si <. 05

S <.03

3 ., 06 1 1

il o gy 3.5 2.9 1.7

Ne S No Conclusions
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Table 5

1 1

60 + 6O Y Yield as a Function of Energy.

The yields and relative errors of y's with energy above the indicated
cutoffs are normalized to 100.0 at E = 10. 0 MeV. The energies
are corrected for losses in the gas acnrg‘there is a + 50 KeV (c. m.)
uncertainty associated with this correction. See the text page 57.

Normalized Gamma Yields

Ecm Ey > 0.6 MeV El> 1.6 MeV EY > 2.2 MeV
7. 01 .037 + 5%
. 06 . 048 + 5%
11 .062 + 5%
.16 .057 + 5% .074 £+ 4% . 080 + 5%
i) .073 + 5% .097 + 4% . 106 + 5%
.26 .094 + 5% . 125 + 4% . 126 + 5%
.31 . 122 + 5% . 157 + 4% . 159 + 5%
. 36 . 154 + 5% . 181 + 4% .204 + 5%
.41 179 £ 5% . 224 + 4% . 240 + 5%
. 46 .212 + 5% . 264 + 4% . 284 + 5%
7.51 . 269 + 5% .336 £+ 4% .321 + 5%
. 56 . 345 + 5% . 404 + 4% . 414 + 5%
.61 .41 + 5% .484 + 3% . 445 + 5%
.66 .51 + 5% .60 + 4% .60 + 5%
.71 .60 + 5% .71+ 4% .70 £+ 5%
.76 .68 + 5% .83 + 4% .82 + 5%
. 81 .85 + 4% .97 + 4% 1.04 + 4%
. 86 .99 +5% 1.16 4+ 3% 1.17 + 5%
.91 1.19 4+ 5% 1.36 + 4% 1.48 + 5%
. 96 1.35 + 5% 1.62 + 4% 1.71 + 5%
8. 01 1.72 £+ 5% 1.91 + 4% 2.11 + 5%
. 06 1.94 + 5% 2.13 + 4% 2.28 +5%
1t 2.15 £ 5% 2.40 + 3% 2.54 + 5%
.16 2.49 +5% 2.67 + 4% 3.03 + 5%
.21 2.85 + 5% 3.06 + 4% 3.38 + 5%
. 26 3.15 + 5% 3.33 1 3% 3.58 + 5%
.31 3.47 £+ 3% 3.83 + 3% 4.07 + 3%
.36 3.90 £ 4% 4.34 + 3% 4.66 1+ 4%
.41 4.50 4+ 4% 5.0 + 3% 5.2 + 4%
. 46 4.97 + 4% 6.0 + 3% 5.8 + 4%
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Table 5 con't.

Normalized Gamma Yields

.07
.12
.17
.22
.27
.32
.37
.42
.47

.57
.62
.67
.72
.17
. 82
. 82
. 82
. 82
.82
. 87
« 92
» 97

E >0.6 MeV E >1.6 MeV E >2.2MeV
Y Y Y
5.8 + 4% 6.7+ 3% 6.8 + 4%
7.1+ 4% 7.6 + 4% 8.3 + 4%
7.8 + 4% 8.4+ 4% 9.3 + 4%
8.1 1+ 4% 9.4 + 4% 9.4 + 4%
9.0 + 4% 10.4 + 4% 10.7 + 4%
9.8 + 4% 12.2 + 4% 11.4 + 4%
12.2 + 3% 13.8 1+ 4% 13.8 + 3%
14.8 + 4% 15.7 + 4% 16.9 + 4%
17.0 + 4% 17.7 + 4% 19.3 + 4%
18.5 + 4% 19.5 + 4% 21.0 + 4%
16. 7 + 4% 21.0 £ 4% 22.2 + 4%
21.8 + 4% 23.6 + 4% 24.2 + 4%
23.9 + 4% 24.9 + 4% 26.5 + 4%
27.1 + 4% 27.4 + 4% 29.9 + 4%
29.2 + 4% 30.1 + 4% 31.8 + 4%
32.7 + 4% 33.4 1 4% 35.0 + 4%
35.3 + 3% 35.5 + 4% 37.7 + 3%
38.7 + 4% 39.0 + 4% 41.0 4+ 4%
14.4 1 4% 42.5 + 4% 47.3 + 4%
45. 8 + 4% 45,7 + 4% 48.8 + 4%
49  + 4% 49  + 4% 52  + 4%
56  + 4% 52 + 4% 59 + 4%
56 + 4% 58 + 4% 58 + 4%
60 + 4% 61 + 5% 63 + 4%
68 + 4% 66 + 5% 70 + 4%
74 + 4% 71 + 5% 77 + 4%
83 + 4% 80 + 5% 86 + 4%
80 + 4% 84 + 4%
- 80 + 4% 83 + 4%
81 + 3% 84 + 3%
79  + 4% 81 + 4%
84 + 4% 86 + 5% 85 + 4%
94 + 4% 93 + 5% 96 + 4%
99 + 4% 96 + 5% 100 + 4%



10.

11.

11.

E 0. 6 MeV
j>
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Table 5 con't.

Normalized Gamma Yields
E 1.6 MeV
X >

100.0 + 4%
115 1+ 4%
128 1+ 4%
127 + 4%
136 + 4%
143 + 4%
150 1 4%
152 + 4%
166 + 4%
174 + 4%
194 + 4%
194 1 4%
206 1 4%
226 + 4%
230 1+ 4%
250 &+ 4%
258 + 3%
280 + 4%
293 1+ 4%
300 + 4%
308 4+ 4%
338 + 4%
356 + 4%
374 + 4%
388 + 4%
398 + 4%
396 + 4%
424  + 4%
468 + 4%
461  + 4%
507 + 4%
496 + 4%
491 + 4%
508 + 4%
540 + 4%
538 + 4%
525 4%

ion point)

100.0 + 5%
(normalizat:
107 £+ 5%
120 1+ 5%
126 + 5%
113 + 5%
121 + 5%
134 + 5%
140 5%
147 + 5%
158 + 5%
158 + 5%
178 + 5%
209 +£5%
203 1 5%
206 + 5%
204+ 5%
239 + 5%
254 + 5%
265 + 5%
280 1 5%
302 + 5%
302 + 5%
319 + 5%
329 +£5%
346 + 5%
342 +5%
353 +5%
375 + 5%
409 + 5%
413 + 5%
409 + 5%
442 + 5%
442 + 5%
457  + 5%

EY > 2. 2 MeV

100.0 + 4%
116 + 4%
120 + 4%
126 + 4%
134 + 4%
141 + 4%
148 + 4%
150 + 4%
164 + 4%
171 + 4%
189 + 4%
190 + 4%
201+ 4%
220 + 4%
221 + 4%
240 + 4%
244 + 3%
263 + 4%
277 + 4%
283  + 4%
289 + 4%
318  + 4%
331 + 4%
347  + 4%
359 + 4%
362+ 4%
359 + 4%
381 + 4%
387 + 4%
404 + 4%
443 1+ 4%
429 + 4%
426 + 4%
437  + 4%
462 + 4%
460 + 4%
448 + 4%
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Table 6

C.M. Differential Cross Sectlons for Charged Particle
Production.

The coefficient A of Po(cos 8) in a least squares fit to the
angular distribution with™ Legendre polynomials of even order is
also given for each interval in excitation energy. The errors
given are relative errors only (see page 97 of the text).

C.m. sP af)‘e.m. ,p C.M. 5a df) ‘c.m. sa
E . - 11.85 MeV Egpe = 0 - 5 MeV
25.9°  0.240 # .032 mb/sr
38.7 0.103 = 016
51.0 0.112 ¢+ .018
63.5 0.053 + .011
67.9° 0.130 £ .038 mb/sr 75.0 0.036 ¢ .009
78.5 0.102 + .023 86.4 0.100 + .017
88.8 0.140 £ .026 97.2 0.078 = .01k
98.8 0.126 + .025 107.6 0.063 + ,012
108.6 0.099 + .019 117.2 0.081  .015
118.2 0.110 * .023 126.1 0.103 & .021
127.6 0.131 + ,027 134.9 0.076 = 016
136.7 0.145 + .04S 143.3 0.104 + .03L4
145.6 0.180 £ .038 151..0 0.205 + .051
15h4.4 0.204 ¢+ .0L6 158.6 0.174 & .0LO
A= 0.140  .012 A = 0.087 = ,007
Ec.m. = 11.85 MeV Eexc =5 - 7,5 MeV
23.4° 0.57 ¢+ .10 mb/sr 26.6° 0.3 ¢ .05 mb/sr
34.9 0.54 £ .09 39.7 0.27 £ .04
hé6.3 0.46 = .07 52.6 0.27 £ 04
57.6 0.1 + .08 6k4.9 0.29 £ .06
68.7 0.33 ¢ .06 77.0 0.21 ¢+ .03
79.3 0.36 + ,07 88.3 0.18 + .04
89.8 0.39 = .07 99.5 0.26 ¢ .05
100.0 0.36 + .07 109.6 0.25 = .06
109.8 0.34 £ .06 119.3 0.24 t .07
119.4 0.37 + .08 128.5 0.30 = .06
128.5 0.35 + .06 137.0 0.31 £ .05
137.6 0.1 £ .10 1kk.9 0.29 £ .09
1L46.4 0.41 + .08 152.5 0.25 & .07
154.9 0.43 £ .09 159.6 0.27 ¢ .13
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Table 6 cont.

A= 0.42 = .03 A= 0.26 £ 015
Ec‘m. = 11.85 MeV B = 7.5 = 10 MeV
23.8° 1.77 # .31 mb/sr 97.,2° 1.00 % .22 mb/sr
35.5 1.54 = .24 40.5 0.79 = .12
47.0 1.27 £ .19 53.8 0.66 = .10
58. 1.21 % .25 661y 0.67 £ .11
69.3 1.09 £ .17 78.7 0.58 ¢+ .12
80. 1.09 ¢ .23 90.3 0.43 £ .12
90.8 1,01 + .18 101.3 0.61 £ .16
101.1 1.17 + .26 111.6 0.73 ¢ .15
111.0 1.06 + .17 121.h 0.70 & .1k
120.5 1.15 & .25 130.2 0.67 ¢ .16
129.6 1.07 & .19 138.6 0.52 ¢+ 09
138.5 1.21 £+ ,27 146.3 0.54 + .20
1h7.1 1.20 £ .23 153.6 0.55 .20
155.5 1.2 £ .24 160.7 0.53 = .28
A=1,19 ¢ .07 A = 0,65 & ,05
E, . = 11.85 MeV Eoye = 10 = 12.5 MeV
24.3° 4.0 £ .7 mb/sr 28.2° 2.7 £ .5 mb/sr
36-3 305 -t [ )-I-los 2.3 t ¢3
48.2 3.1 &.5 55.3 1.8 £ .3
59.7 3.1 £ .6 68.3 1.6 £ .3
70.9 2.9 = .U 81.0 1.6 £ .3
81.7 2.9 = .5 93.0 1.6 £ ,3
92.5 2.8 £ .5 103.9 1.5 £ .3
102.6 2.9 £ .6 114.3 l.h £ .3
112.3 2.7 2 .4 123.6 1.6 £ .3
121.7 2.9 £ .6 133.1 1.6 £ .3
131.0 2.7 & .4 140.7 1.5 £ .3
139.8 2,9 = .7 148.5 1.6 £ .4
148.0 3.0 £ ,5 155.4 1.9 £ .4
156.3 3.1 &, 161.9 2.2 ¢+ .5
A=3,00 2,16 A=1.661% ,10



Eexc = 12,5 - 15 MeV
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A= 10.6 %

* L parameter fit



23.1°
28.6
Bh -S
45.7
67.4
88.L
108.5
127 .3
145
154.2

23.4°
29.0
34.9
L6.4
68.4
89.8
109.7
128.5
1h6.4
154.9

A=
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Table 6 ocont.

Ec.m. = 9,85 MeV Eexc = 0 - 5 MeV
0.075 + ,010 mb/sr 25.7°  0.033 &+ 004 mb/sr
0.070 # ,010 32,0 0.027 = ,004
0.054  ,008 38.5 0.019 t .003
0.06L4 = .008 50.7 0.030 + 004
o.041 + .006 Thdy 0.010 t .002
0.041 + .006 96.6 0.016 + ,003
0.035 + .009 116.9 0.015 & .007
0.053 + .011 134.3 0.029 + ,011
0.069 + ,013 150.7 0.035 & ,011
0.082 z .012 158.3 0.033 + ,006
0.057 £ ,00L45 A= 0,020 + .003 *
Ey . = 9.85 MeV Egyo = 5 = 7.5 MoV

0.1l = ,019 mb/sr 26,5°  0.140 # .018 mb/sr
0.130 £ .019 33.0 0.105 ¢ 014
0.128 + .018 39.5 0.076 ¢t .010
0.123 % 016 52.2 0.043 & ,005
0.104 # .015 76.5 0.056 & 008
0.095 = ,015 98.8 0.0L49 ¢+ .008
0.099 + .019 118.8 0.030 + .011
0.103 £ ,021 136.4 0.055 + ,020
0.110 + .023 152,2 0.101 & .028
0.125 + .021 159.5 0.088 + ,018
0.1k & .007 A= 0,052 + ,005 =*

# 3 parameter fit



23.8°
29.5
35 06
Lh7.1
69.7
90.9
111.1
129.5
147.1
1556
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Ec .m.

0.90
0.80
0.78
0.81
0.75
0.76
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Table 6 cont.

= 9,85 MeV

.05 mb/sr
.05
.05
.0l
.0l
.05
.05
.06
.06
£ .05
+ .018

= 9.85 MeV

+ .11 mb/sr
1l
11
10
.10
.11l
.10
.13
.15
olh

006

H HHHHHHEHEHERF

Ec'7.5—10M6V

ex

27.2°
33.9
40.6
53.7
78 05
101.2
121.2
138.0
153.6
160.,5

0.215
0.202
0.149
0.194
0.136
0.110
0.116
0.166
0.123
0.119

A= 0.146

E S
E
E
t
- S
E

t
+

E
t ]
t

.028 mb/sr
0027
.021
02l
.022
.025
0026
.053
003)4
022

.01k

E = 10 - 12.5 MeV

exc

28.2°
35.2
42.0
55.6
81.3
10k .6
12).2
141.2

COO0OO0OO0OOO0O0
. L]

N N LW N w

VO NEWNO OO

HHHHHFEEEH

.05 mb/sr
005
.0l
.04
.06
.06
.05
07

A =0.,318 £ ,021
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Ec.m. = 9,85 MeV Eexc = 12,5 - 15 MeV
25.9° 1.85 &+ .23 mb/sr 30.0° 0.60 + .08 mb/sr
3201'» 1.71 i -23 h-ho? 0.,4)4 £+ 006
39.0 1.53 ¢ .20 58.9 0.6 £ .06
50.9 1.59 ¢ .19 86.0 0.46 £ ,08
75.4 1.59 £ .20 109.8 0.4 = .07
96.9 1.36 £ .18

1174 .41 & .22
135.1 1,58 & .29
151.4 1,59 = ,29
159.0 1.h0 £ .22
A=1,60% .11 A=0,49 £ .03
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Table 6 cont,

By ™ 8.85 MeV
22.9° 0.0074 + .0017 mb/sr
28.5 0,012} z= .0018
3h.3 0.0120 * .002l
L5.5 0.0156 + .0023
56.5 0.0158 &+ .0026
67.4 0.0133 # .0021
7.9 0.0112 + ,0020
88.14 0.0101 + .0018
98.5 0.0093 + .0022

117.8 0.0110 = ,0024
136.5 0.0149 = .0030
145.4 0.0134 ¢ .0026
154.2 0.0137 £ .0026

A = 0.0108 £ ,0007

o ™ 8.85 MeV
23.3°  0.030 + .005 mb/sr
29.0 0.026 = ,00L
34.9 0.028 + ,005
Lé.y 0.027 £ .004
57.4 0.028 = ,00h4
68.5 0.026 + ,00L
79.3 0.029 + ,005
89.6 0,026 + ,008
99.7 0.026 & ,006

119.3 0.027 £ ,006
137.h 0.027 = ,006
146.3 0.023 = ,004
154.9 0.02); £ ,005

A = 0.0263 + ,0018

E =0
exc

pe.59
32.0
38.1
50.5
62.7
7h 00
85.3
96,1
106.6
125.3
142.5
150.5
158.1

A:

- 5 MeV

0.0086 =
0.0045 *
0.0055
0.0030
0.0028
0.0018
0.0019
0.0019
0.0022
0.0035
0.0037
0.0060
0.0077

0 QOOB2

H HHH+HHEHFHHEHHF

= 705 MeV

0.0166 %
0.0148
0.0109
0,0136
0.0093
0.0064
0.0070
0.0062
0.0050
0.0115
0.0066
0.0138
0.0149

0.0102

H HHHHHHEHFHHERH

.0012 mb/sr
.0008
.0013
.0005
.0007
.000L
.0006
.0005
00009
.0015
0012
0017
.0020

.0005

.0023 mb/sr
.0021
.0022
.0019
0016
.001L
.0020
.OO]-B
0017
.0032
.0023
.0033
.0058

.0015
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Table 6 cont.

B 8.85 MeV Ee = 7+5 - 10 MeV
23.9°  0.075 + .010 mb/sr 27.2°  0.043 £ .006 mb/sr
29.6 0,067 £ 009 33.9 0.048 = .006
35.7 0.074 = .012 L0.5 0.030 £ .005
L7.3 0.063 + ,008 53.6 0.026 + ,005
58.8 0.060 & .009 66.3 0.030 = .005
69 .8 0.065 & ,009 78.6 0.027 ¢ .005
80.7 0.060 + .009 90.0 0.030 + .006
91.2 0.067 + .009 101.3 0.029 £ ,005

101.5 0.069 + 011 111.6 0.029 £ .005
120.7 0.071 + .013 130.3 0.019 % .005
138.8 0.063 ¢+ 011 146.2 0.024 + .005
147.2 0.075 = .01l 153.7 0.020 + ,00h4
155.6 0.066 + .01k 160.5 0.026 £ ,007
A = 0,067 &£ 003 0.0315 + .0020

By o, ™ 8.85 Mev Ee = 10 - 12.5 MeV
24.7°  0.146 + .019 mb/sr 28.4°  0.066 £ .010 mb/sr
30.7 0.134 + .018 h2.3 0.060 + .009
36.8 0.148 + .02L 56.0 0.060 £ 009
49.1 0.133 £ 017 69.1 0.067 = .010
60,5 0,131 + ,018 B81L.5 0.054 £ 008
2.2 0.124 £ .016 93.9 0.055 = ,009
83.2 0.125 + .018 105.2 0.051 + .009
93.8 0.122 * ,016 115.1 0.049 = .008

104.0 0.135 + ,022 133.7 0,061 ¢ .010
123,2 0.138 = .025
140.5 0.145 = ,027
148.6 0.12 £ ,027
156.9 0.135 + 028
A = 0,133 & .007 0.057 £ .006
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Ec.m. = 8,85 MeV Eexc = 12,5 - 15 MeV
26.9° 0.28 + .04 mb/sr 30.5°  0.054 & .008 mb/sr
39.7 0.26 £ ,0h4 L5.h4 0.051 = 007
52.3 0.23 & .04 60.1 0.048 & .007
6.8 0.22 & ,03 7h.1 0.047 £ .007
77.0 0.21 = .03 87.6 0.049 + .007
88.6 0.22 + ,03 100.8 0.053 ¢ .008
99.0 0.21 + .03 112.3 0.052 & ,009

109.2 0.19 % ,03
128.7 0.20 £ .03
145 .1 0.20 = .03
152.L 0.20 + .03

A = 0,226 t 012 A = 0,050 ¢+ ,003



E
c.m,
22.8° 0.00151
3h.1 0.00182
h5.L 0.00088
67.1 0.00117
88.3 0.00128
108.0 0.00117
12T.L 0.001.31
145.2 0.00179
154.1 0.00189
A = 0,00127

E
c.m.
24.8°  0.0032
36.8 0.0036
L49.0 0.0028
73.3 0.002)
93.9 0.0028
113.9 0.0027
132.8 0.0030
149.3 0.0032
157.3 0.0029
A = 0,0030

E
c.m,
23.3°  0.0066
34.9 0.0086
u6.2 0.0064
68 .4 0.0068
89.6 0.0070
109.5° 0.0065
128.4 0.0077
1L46.2 0.0058
154.8 0.0057
A = 0.0067

] H HHHFHHHHHEH ] H HH HHHHBHHHI []

H HHHHFEHEFHHH

% 3 parameter fit
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Table 6 cont,

7.85 MeV

.00023 mb/sr
.0003L
.00018
.00023
.0002}
.000l1
.000L6
.00055
.00056

.00010

7.85 MevV

.0005 mb/sr
0007
.0005
.000k
.0005
.0008
.0011
.0009
.0009

.0003

7.85 MeV

.0009 mb/sr
0016
.0010
,0011
0011
0016
0022
.0016
0017

.0005

Eexc

=0 - 5 MeV

25,3°  0.00058

37.9 0.00038

50.1 0.00054

73.8 0.00030

96.0 0.00033

116.1 0.00047
133.5 0.00038
150.1 0.00061
158.0 0.000L46
A = 0.,00040

[

26.3°  0.0010

39.2
52.0
76.1
98.2
118.L4
136.1
151.9
159.3

E o 7.5 - 10 MeV

ex

27.1°
40.6
53.5
78.2
101.2
121.1
138.3
153.4
160.5

0.0010
0.,0011
0.0013
0.0015
0.0007
0.0006
0.0005
0.000L

A = 0,0013

0.0032
0.0027
0.0025
0.0027
0.002)4
0.0023
0.0012
0.0017
0.,0027

A = 0.0026

%

t
3
x
t
=
:
T
t
t

E x5 5 - 7.5 MeV

E 4
t
%
t
+
t
+
+
-4

4

%
E

z
&

%

&
z
t
t
+

.00011 mb/sr
.00012
.00012
.00008
.00011
.00026
.00026
.0003)
.00029

.0001L

.0002 mb/sr
.0002
.0002

.0003
000k
000k
.0003
.0003

L0002

.0005 mb/sr
000k
000k
0006
.0005
.0008
.0007

.0009
.0003
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Table 6 cont.

By m. ° 7.85 MeV B oo ™ 10 - 12.5 MeV
23.7°  0.0135 + .0018 mb/sr 28.5°  0.0049 £ .0007 mb/sr
35.5 0.0158 + .0026 h2.6 0.0040 + .0006
k7.2 0.0129 + .0018 56,2 0.00L45 %+ ,0007
69. 0.0124 + .0018 81.5 0.0039 = .0007
91.2 0.0128 & .0019 104.9 0.0033 & ,0006

111.3 0.0126 *+ .0026 125.5 0.00L); + .0011
130.0 0.0125 + .0029
7.4 0.0132 = .0027
155.7 0.0143 + .0033
A = 0.0133 ¢ .0010 A = 0.0036 ¢t .0007
B i ™ 7.85 MeV B ™ 12.5 - 15 MeV

31.2°  0.0021 + .000L mb/sr
L6.6 0.0015 + .0003
61.6 0.0016 = ,0003

A = 0.0017 & 000k
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Table 6 cont,

Em. ™ 9.35 MeV

23.0°  0.052 & .007 mb/sr
L5 .4 0.046 £ .007
67.3 0.039 + .006
88.2 0.03L % .006

A = 0.042 £ .003

Ec.m. = 9,35 MeV

23.4°  0.082 + .011 mb/sr
46.3 0.071 & ,012
68.5 0.066 = ,011
89. 0.064 = .011

A =0.071 + ,006

Ec.m. = 9,35 MeV
23.8° 0.23 t+ .03 mb/sr
47.2 0.21 + .03
69.6 0.21 £ .03
91.2 0.19 + .03

A = 0.209 £ .015

Ec.m. = 9,35 MeV
2l . 7° 0.46 ¢ .06 mb/sr
L8.7 0.1 £ .06
7.8 0.39 + .06
93.3 0.37 £ .05

A=0.J1 % .03

E = 9,35 MeV

26.5° 0.90 # ,11 mb/sr
52,2 0.8y # .12

A =0,8 £ .17

Eexc =0 - 5 MeV

25.6°  0.0l4 £ .002 mb/sr
50.6 0.008 + ,002
Th.h 0.014 = ,003
96.3 0.018 + .00L

A = 0.0117 & .0010
Eexc =5 . 7,5 MeV
26.4°  0.049 £ .006 mb/sr

52.1 0.039 + ,006
76.5 0.045 = ,007

A = 0,04y £ ,009

27.1 0.100 & .013
53.6 0.111 % .016

A = 0,105 ¢+ ,021

E =10 - 12,5 MeV
exc

Eexc = 12,5 - 15 MeV
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Ec.m. = 8.35 MeV Eexc =0 « 5 MeV
22.9°  0.0051 + .0008 mb/sr 25.6° 0.0016 + .0003 mb/sr
5.3  0.00Ll + .0009 50.4  0.0009 & .0003
66. 0.0040 = .0009 .0 0.0013 = 000k
88.2  0.00L43 £ .0009
A = 0.00L45 & .0005 A = 0,0013 £ 0003
Ec.m. e 8035 Mev Eexc = 5 - 7.5 Mev
23.3°  0.0095 + .00ll mb/sr 26.4° 0.0032 & .0005 mb/sr
6.3  0.0098 & 0017 51.9  0.0052 &£ .0010
68.2  0.0099 = .0018
89.5  0.0072 # .00LL
A = 0.0089 + .0008 A = 0,0042 + ,0010
Ec.m. L 8.35 MBV Eexc - 705 - 10 MGV
23.8°  0.026 + .00 mb/sr 27.2°  0.015 + .002 mb/sr

L7.2 0.025 + 00l
69 .8 0.023 & .00k
90.9 0.02L = .00L

A + 0,025 = ,002

Ec.m. ) 8.35 Mev Eexc - 10 - 12 .5 HBV

24.5°  0.053 £ .007 mb/sr
49 .0 0.047 = .007
72.3 0.045 z ,007
9L4.0 0.0L46 + .007

A = 0,048 = .005



23 .29
Lh6.5
68.5

23.8°
L7.3
69 .9

25,1°
h9.5
3.2

E
c.m.

0.00019
0,00020
0.00009

0.00015

c'm.

0.00040
0.00029
0.00033

0.00033

EC Ju.

0.00102
0.0007kL
0.00102

0.00088

E
c.m.

0.00161
0.00132
0.00191

0.00153

(] H FHH L] H B KK L} H W # W ]

H B HR
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Table 6 cont.

7.32 MeV

.00004 mb/sr
0000
.00003

'Omé

7.32 MeV

.00007 Iﬂb/sr
.00005
.00008

.00007

7.32 MeV

.0001}; mb/sr
.00012
.00018

,00018
7.32 MaV

.00022 mb/sr
.00019
00030

.00038

E =
exc

25.3°
50.0
73.6

0 - 5 MeV

0.00012 # .00002 mb/sr
0.00009 + .00002
0.0001L % ,0000L

A = 0,00011 + ,00003

Fexc *

26.2°
51.7

5 = 7.5 MeV

0.00037 # ,00006 mb/sr
0.0002L + .0000L

A = 0,00028 = ,000Q@

Eexc -

27,1°
53.3

A

E =
axce

28,1,°
56 05

A

7.5 = 10 MeV

0.00028 = ,00005 mb/sr
0.00032 = .00006

= 0.00030 + .00006
10 - 12.5 MeV

0.00032 + ,00005 mb/sr
0.00028 = ,00006

= 0,00030 + .00006
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Ec.m. = 6.80 MeV Eexc =0 - 5 MeV

22.7°  0.000028 & .000009 mb/sr 25.2° 0.000015 = .000005 mb/sr

h5.2 0.000017 = .000006 49.8 0.000008 + ,00000k
A = 0,000021 + ,000007 A = 0.000010 + ,000005
Eé.m. = 6,80 MeV ngc =5 . 7,5 MeV
23.2° 0.000045 + .000011 mb/sr 26.1° 0.000023 + 000007 mb/sr
46.1 0.000020 = 000008 51.5 0.00001k t+ .00000S
A = 0.000028 + ,000017 A = 0.000017 £ .000006
Eé.m. = 6,80 MeV Eexc = 7,5 - 10 MeV
23.9°  0.000066 + .00001L mb/sr 27.0° 0.000036 + .000008 mb/sr
47.2 0.000060 + ,000015 53.2 0.000037 + .000009
A = 0,000063 £ ,000013 A = 0,000036 ¢+ .000007
E = 6,80 MeV E =10 - 12,5 MeV
c.m. exc

25.2°  0.000147 + .00002) mb/sr 28.7° 0.000017 + .000005 mb/sr
L49.5 0.000106 = ,000023 56.6 0.000021 = ,000006

A = 0.,000125 = ,000022 A = 0,000019 + .00000l
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Table 6 cont.

(Deuterons)

Ec.m. = 11.85 MeV Eéxc =20 -7 MeV

35° 0.348 = .008 mb/sr
56 0.324 = 010
82 0.342 = 010

A= 003)4 + .07

Ec.m. = 9,85 MeV Eexc =0 ~ 5 MeV

3,°  0.0565  .0018 mb/sr
5,  0.0L85 & .0016
80 0.0516 & ,0018

A = 0.052 + ,010
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Table 8

Laboratory Differential Cross Sections for
Charged Particle Production.

A1l errors listed are relative errors only (see page 104 of the
text). The coefficient A of Py (cos ) in a least squares fit

to the angular distribution with Legendre polynomials is also given.

8 do ) #* g,g ) *
lab df} ‘1ab,p+d dQ ‘lab,a
Ey . = 11.85 MeV
20° 55.8 £+ L mb/sr 1.7 £ 1.4 mb/sr
30 h7.7 £ .5 3.4 £1.3
Lo 40.5 £+ .6 23.9 £ 1.5
50 35.1 = b 19.h £1.1
60 31.0 £ .6 17.1 £1.9
70 27.6 + .8 13.6 + 1.8
80 2L+ .8 11.5 £ 2.0
90 21.5 + .8 9.1 ¢ 2.1
100 18.8 + .9 7.2 £ 2.1
110 16.8 £ 1.0 5.1 x1.5
120 13.5 ¢+ .9 3.8 £1.4
120 14.8 £ .6 L.0 £ 1.k
130 4.5 .6 3.4 £1.2
140 13.6 & .7 3.0 £ 1.2
150 12.8 + .6 2.9 £1.2
A=2,.81%0,2 A=12,2 20,5

%* The extrapolated counts are included in the calculation
of these cross sections and the errors quoted.
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Table 8 cont.

E = 9.85 MeV

c.m.

7.62 + ,16 mb/sr

8.02

-3
(@]
=

o
L ]

o)
w

Ul ®0 O F oWUnNo 0w
3 SESEZERBRYT

e e

w HEMNMNDNDDWELOVN
H HHHHEHHE®HEHEREER®

b
L}

E = 8,85 MeV

C.m.

1.053 £ .027 mb/sr

.08
.18
.1k
12
19
.16
19
07
009
1k
.10
.10
.20

.0l

.037
.023
.018
.060
.021
013
.015
016
.016
016
017

.006

.

O AEHOICIDAN

COO0QOHHMMNN

H HHEHHHHERHHERS RS

=
]
=

0.h32
0.392
0.325
0.309
0.256
0.220
0.171
0.136
0.100
0.066
0.04ly =
0.051 =

A =0.173 =

HHHEHEREERRR

.15 mb/ar
W19
.19

.19
.21
.23
.13
.18
16
L3
A3
.13
.10

.025 mb/sr
.08
.023
.033
037
.036
.023
.02
.028
.026
012
.018

.008
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Table 8 cont.

E = 7.85 MeV

c.m.

20° 0.066) +
30 0.065* +
L0 0.054 s
60 0.0456" +
80 0.0361 %
100 0.0291 #
120 0.0251 %
140 0.0207 %
150 0.0206 %
A = 0,0362 %

.019 mb/sr
.01l

.010

.00Lly
.0015
.0015
0015
.0013
.001l

.0016

0.0256 =
0.0198 =
0.0195 =
0.0145 =
0.0102
0.0086 =
0.0059 %
0.0036 ¢
0.0032 &

A = 0.0105 %

.0025 mb/sr
0022
0019
0013
0011
.0020
.0021
001l
.0013

.0006

These values have such large errors because of the large
number of Hydrogen recoils contaminating the spectra.
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Table 9
Iimits on the Reaction Cross Sections.

Limits for the reaction cross section for 160 + 16O to exit
channels emitting alphas or protons are given. The upper limit is
the production cross section. Lower limits were determined by
counting all protons or alphas as coming from three body breakup
reactions except those which were definitely from two body exit
cgannels (see the text page 107). Typical total errors are

15 - 20 4.

Ep = 11.85 MeV 9.85 8.85 7.85
Protons
Upper Limit 312 mb 45.0 mb 6.45 mb 0.455 mb
Lower Limit I 160 23.7 3.57 .261
Lower Limit II 161 24.0 3.59 .270
Alphas
Upper Limit 153 15.9 237 132
Lower limit I 92 10.8 1.63 Jd12

Lower Limit IT 93 11.0 1.66 w115
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Table 10
Total Cross Section for 16O + 120 - n + 2781.
Cross sections and total errors for 160 + 120 - n + 2781 were

determined using the activation method (see the Activation Method
Section). Fnergy losses have been subtracted and produce an overall
uncertainty in the energy of # 100 keV (lab).

5 léozlab Ecm EE cutoff 6(2781)
23,9 £ ,1 MeV 10.24 # .04 MeV 0.5 MeV 36 + 7 mb
21.9 9.38 "1 29 £ 6
19.9 8.53 5 16 13

- " L 19+h

N n .8 19 = L
18.9 8.10 .5 10.L & 2.1
17.9 767 o T.5 & 1.5
16.9 Tsly o5 2.8 £ .6
15.9 6.81 o5 1:23 & 27
1.9 6.39 .5 0.36 & .09
13.9 5.96 .5 0.084 = .021
12.9 553 5 0.016 £ .005
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Table 11
. 31 30
Total Cross Sections for the Production of S and P.
Cross sections and total errors for the production of 318 and 30?

by 160 + 160 reactions were determined using the activation method
(see the Activation Method Section). Energy losses have been
subtracted and produce an uncertainty in the energy of each point of
+ 50 keV (C.M.). The average cross sections are plotted in Figures
3l and 35.

Individual Runs Averages +
+ Relative Errors Total Errors

Fan B8 cutoff  o(31s) o(3%) o(>ts) o(>°p)
12,00 MeV 0.5 MeV 6.5 + 1.1 mb 69 = 11 mb 6.5 £ 1.L mb 69 % llmbd
11.98 1. 6.7 £1.5 83 £ 17 6.7 + 1.7 83 £ 19
11.96 1.3 5.0 £ 1.2 51 £ 10 5.0 1.3 51 %12
11,95 0 6.3 £1.6 95 19 5.5+ .7 63% 9

. 5 6.0 £1.2 60 + 10

E 5 L.7 £1.3 6l = 10

" 5 5.5+1.1 72 % 12

& L - 59+ 9

. o5 - 58+ 9

" 2.0 - 61 £ 15
11.93 1.8 6.3 £ 1.6 91 & 22 6.0 £ 1.1 70 + 13

# £3 5.9 1,0 66 £ 10
11.92 1.l 6.5 £ 1.l 69 £ 1k 6.5 £ 1.6 69 = 16

9.96 e 1.9 + .4 7.6 £ 1.5 1.9 £ .5 7.6 £ 1.7
9.95 A - 8.2 % 1.3 - 7.6 £1.2
f ;P | - 7.0 £ 1.1
" 2.0 - 7.4 £1.8

9.92 6 2.6«£.,5 8.84+1.8 2.6 £ .6 8.8 £2.0
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Ecm EB cutoff 0(3 lS) of 3 OP)
8.97 MeV 1.4 MeV 0.72 ¢t .18mb 1.k ¢ .3 mb
8.96 1.3 o.42 £ 16 0.9 = .2

" 1.3 - 1.1 = .2
8-95 oh el 1.2 t .2
8.91 1.h 0.67 £ .16 1.2 + .3

" 1.3 0.59 + .15 0.8 £ .2
8.h5 .5 Q.11 £ .06 0.47 = .09

" 1.1 - 0.20 =+ .05

" 2.0 - 0.25 £ .07
8.l 1.3 0.14 + .04 0.20 £ .05

" 1.3 0.15 + .06 0.20 £ .05
8.05 2.0 - 0.10 + .03

0.06 + .02°
0.07 & .02°
7.95 .8 0.034 + .018 0.091 & .026

" 1.1 0.037 & .033 0.054 ¢ .015
7.91 1.3 0.0l1 £ .07 0.039 + .012
7.5 .8 = 0.023 ¢ ,008

" 1.1 0.019 £+ 016 0.010 z .003
7.1 1.3 0.011 = .009 0.004 & .003

ognsz oQBOPZ
0.72 2 .20 mb 1.k 2 .4
o2 & .17 1.0 £ .2
- 102 t 02
0.63 £ .13 0.9 £ .2
0.11 & .06 0.25 z ,10%
0.14 ¢ .04 0.20 & ,08%
- 0.07 ¢ .052
0.034 + .018 <0.092
0.0l1 + .018 <0.06%
0.019 + .016 -
0.011 * .009 -

a) Variation in the cross section with the beta cutoff energy gives
uncertain resultis.

See the text page 139.

b) Same data analyzed with a contaminant of halflife 40O sec.
¢) Same data analyzed with a contaminant of halflife 1200 sec.
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Table 13
1 1 *
Differential Cross Sections for 16O + 6O - aC {»loNe at
E = 11.95 MeV.
cm
6 6 d .
12¢ 1ab ONe, 1ab  “em,'?c L) . Relative Error
12 20
C(g.s.) + Ne (g. s.)
20. 0° 43.0° 57, 37 0.25 + .05 mb/sr (18%)
25. 0° 43, 8° 46. 5° .53 + .09 (17%)
30. 0° 43, 1° 55. 7° .66 + .12 (18%)
35, 0° 41, 6° 64. 9° .24 + .05 (19%)
40. 0° 39. 4° 73. 9‘; .13 + .03 (21%)
45, 0° 36. 9° 82.9 .78 + . 14 (18%)
50. 0° 34, 1° 91, 7° 1.43 + .23 (16%)
55, 0° 31, 2° 100. 3° .47 + .08 (17%)
57. 0° 30. 0° 103. 7° 23 + .04 (19%)
60. 0° 28. 2° 108. 8° 12 + .03 (21%)
65. og 25. 22 116. 92 .33 + .06 (17%)
70. 00 22, zo 124. 7 .51+ .09 (17%)
75. 0 19.4° 132, 0° .59 + .10 (17%)
80. 0° 16.7 138. 7‘; .48 + .09 (18%)
85. 0° 14, 3° 144. 8 .13+ .03 (21%)
(spectrometer data) = 5
- 7.0 162.8 < 6.5
¢
20 te.m. b + POne™, 63y
40, 8° 35, 0° 79. 4° .07+ .02 (29%)

1 1

* * 20
2C (g.s.) + 20Ne (4. 25) and 2C (4.43) +  Ne (g.s.)
o

44, 5° 25. 0° 99.9 < .03
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Table 14

1 1 20
Best Fits to the 6O + 60 - 12C + 2 Ne Angular Distributions at

E = 11,95 MeV.
cm
1L, Val . o + Fitted Error
alues z(__ TOT
0,4 28 6.6 £+.4 mb
4,8 32 7.4+ .4
2,4 46 7.9+ .6
2,4,6 4,4 2.5+ 6
0,4,10 4.4 7.8+ .5
4,8,10 24.5 7.5+ .5
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Table 16

The Ratio of the Elastic Scattering to the Mott Scattering Cross
Section for 12C + 12C

Energy losses have been included, but there is an overall uncer-

tainty in the c. m. energy scale of + 50 KeV (c.m.) (See the

text page 177and figure }j2).

E Ratio to Mott E Ratio to Mott
cm cm

3.89 + ., 05 MeV 0.996 + .007 6. 54 L776 + . 014
4. 14 1. 000 + . 006 6.60 .701 +,013
4.39 1. 004 + . 005 6. 64 .685 + . 006
4,64 .992 +.007 6. 66 .733 +.014
4. 89 1. 007 + . 006 6.73 .808 +.015
5.02 .996 + . 012 6.77 .753 +.008
5.14 1. 008 + . 007 6.79 .696 +.013
5,27 . 985 + . 009 6. 85 .728 +.014
5.33 1.002 + . 012 6.89 .723 £ .007
5.39 1.007 + . 007 6.91 .651 +,013
5.46 1.021 + .012 6.98 .506 +.010
5.52 1,024 + . 007 7. 02 . 477 £ .006
5.58 .995 + ., 008 7. 04 .474 + .010
5.64 . 967 + .006 7. 10 . 455 + . 009
5.71 . 993 + .008 7. 14 .418 + . 005
5.77 1.012 + . 006 7. 16 .424 + .008
5.80 1.002 + . 012 7. 23 .420 + .008
5.83 1. 004 + . 007 7. 29 .356 + .007
5.89 . 940 + . 006 7. 35 .358 +.007
5.92 .937 +.012 7. 41 .317 + . 006
5.96 .937 + .008 7. 48 . 265 + . 006
6. 02 .959 + . 007 7.54 .267 +.007
6. 05 .981 + ,012 7. 60 .281 £ . 006
6.08 .977 + . 007 7. 66 .298 + . 007
6. 14 .938 + . 006 7.73 . 400 + . 007
6. 21 . 914 1+ . 007 7. 79 .422 +,008
6.27 .914 + . 006 7. 85 .461 + . 010
6.33 . 985 + . 006 7. 91 .417 + .008
6.39 .939 + , 007 7. 98 .402 + . 009
6.41 .930 +.017

6. 46 .865 1+ .012

6.48 .845 + . 015

6.52 .816 + .012
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Table 18

12, , 12

C C Gamma Yield as a Function of Energy.

The yield and relative error of +'s with energy EY > 1.4 MeV 1is
normalized at Ecm = 3,99 MeV to the data of Patterson, Winkler and
Zaidins (1969). The energies are corrected for losses in the gas
and there is a % 50 keV (C.M.) uncertainty in the energy scale
associated with this correction (see Appendix II).

E Normalized E Normalized
cm Yield cnm Yield
7.485 MeV 420 + L% 6.160 MeV 2L £ L%
7.435 411 + L% 6.135 12,  + L%
7.385 385 = L% 6.110 88.7 ¢+ L%
7.335 Loy = L% 6.085 81.9 t 4%
7.285 457 + L% 6.035 82.5 + L%
T.235 363 & L% 5.985 130 + L%
7.185 399 + 4% g 129 = 4%
7.135 360 + L% 5.935 0L t L%
7.085 328 + L% 5.885 64.9 £ L%
7.035 367 + L% 5.835 h2.6 + L%
6.985 Lo6 = L4% 5.785 Lh7.2 £ 4%
6.935 334 £ 4% 5.735 48.9 = L%
6.885 349 + L% 5.685 75.3 + L%
6.835 353 £ 4% s Th.2 £ 412
6.785 321 = L% 5.635 97.1 + L%
6.735 : 265 + L% 5.585 68.6 = L%
6.720 2L9 = L% 5.535 35.0 + 5%
6.710 25l = L% 5.505 25.7 + L%
6.685 261 £ 4% 5.L485 22.7 + 5%
6.635 292 + L% 5.L60 19.9 % L%
6.585 184 = L 5.435 17.7 + 5%
6.535 163 = 4% S.h25 17.2 + L%
6.485 196 = L% 5.385 17.8 = 5%
6.435 163 + L% " 18.1 = 5%
6.385 159 = 4% " 16.7 £ L%
6.335 174 £ 4% 5.350 1.1 = L%
6.285 200 % L% 5.335 14.2 + 5%
6.235 179 + L% 5.310 12.9 + ¥
6.210 158 x L% 5.285 13.3 ¢ 5%
6.185 136 = L% 5.270 12.9 + L%



Eom

5.235 MeV
5.230
5.190
5.185
5.155
5.135
5.115
5.085
5.075

5.035

5.000
.985
k .960
}.920
L.880
L .8L5
L.805
h.765

L.730
4 .690
14 .650
L.610
4.575
h.535
L.h9s
.55
L.1as
L.375
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Table 18 cont.

Normalized E Normalized
Yield cm Yield
12.9 + 59 4.335 MeV 0.58 2 5%
12.6 = 4% " .58 + 5%
10.6 + 4% L.300 .62 £ 59
9.9 = 5% 4.260 .Sh 5%
9.0 £ h% L.220 52 + 5%
8.6 + 5% 1.180 .369 + 5%
8.4 £ L% 4.1k45 .228 1 5%
8.0 t 5% L .105 L8 £ 5%
7.7 £ 43 14 .065 119 £ 5%
7.8 £ 4% 4.030 JA13 : 6%
10.8 = 59 (normalization point)
13.1 £ 4% 3.950 052 t 6%
12.4 = 5% 3.910 034 = 6%
9.3 £ 1% 3.870 L0254 = 7%
T = 4% 3.835 0195 = 7%
8.2 £ 42 i OL75 = 7%
7.1 £ 4% 3.795 0175 = 7%
S.h + 5% " L0190 = 7%
h.l = 5% 34755 0149 £ 7%
2.11 + 5% " L0201 + 7%
1.52 + 5% 3.715 L0125 = 7%
1.49 = 5% " L0166 + 1%
1.80 £ 5% 3.675 L0105 = 7%
1.82 £ 5%
1.25 & 5%
1,52 £ 5%
1.54 £ 5%
91 = 5%



