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ALGSTRACT

Protons elastically scattered by 1310 have been studied in the
proton energy range from 0.15 to 3.0 Mev., Angular distributions have
been measured at 42 energies in this interval and excitation functions
have been measured at center of rnass scattering angles near 90°,
125°16' and 160°. Subsidiary to these measurements, the atomic
stopping cross section of boron for protons in the energy range {rom
0.10 to 3.0 Mev was determined with an absolute accuracy of 4%. The
targets used in these experiments were produced through the thermal
decomposition of diborane (Eaz-z‘ab).

Theoretical analysis of the angular distributions indicates that
for proton energies below 0. 90 iiev the scattering can be described by
pure s-wave potential scattering processes. There is no indication of
anomalous scattering due to the nreviously reported states in C“ at
excitation energies of §.98, 9.13 and 9. 28 Mev. Detween proton bome
barding energies of 0.90 and 1.6 Liev the scattering can be explained

;
.y

qualitatively with a broad J7 = 5/2" level near 1.45 ilev, a J7= 'i'/'.?f‘r
level near 1.5 Mev, and a negative parity state formed by p-wave pro-
tons near 1. 36 Mev. Although a definitive analysis was not obtained

in this energy region, the two previously reportad states in C“ at ex-
citations of 9.74 and 10. 09 Mev were not sufficient to explain the
scattering. Above a bombarding energy of 1.6 Mev the scattering angu-
lar distributions are comf;atible with & J7 = 7/2" state near 2,06 Mev
with I‘p/I‘ =4, and I" = 400 kev, and a J” = 7/2{' state at some slightly

higher energy. The analysis was not extended above 2.5 Mev.



III.

Iv.

VI

TABLE OF CONTENTS

INTRCDUCTION

EQUIPMENT

1. Description

2. Electrostatic Analyzer Calibration
3. Magnetic Upectrometer Calibration
TARGETS

l. Target Requirements

2. Properties of Diborane

3. Target Preparation

STOPPING CROSS SECTION MEASUREMENT
1. Introduction

2s Rela.tivle Measurement

3. Absolute Measurement

4, Errois

SCATTERIVG CROSS SECTICN MEASUREMENT

1. Experimental Frocedure
2. Normalizations

3. Errors

THEORY

1. General Discussion

2. Scatteriang Amplitudes

3. Energy Dependence of the Scattering Amplitudes

4. Analysis Procedure

PAGE



.
PART

1. Proton Rombarding

Vil RESULTS
Z. Proton
3. Proton
4, Proton
5. Froton
APPENDIX

FIGURES

Bombarding
Bombarding
Bombarding

Bombarding

Energy Ep < 0.9 Mev

Inergy 0.9 < Eo <1l.3 Mev

Energy 1.3 < E,, < 1.5 Mev
Energy 1.5 < Ep < 1.9 Mev

Tnergy E >1.9 Mev

o]



=3 =
I. INTRODUCTION

One aspect of low energy nuclear physics wﬂt)xiich has received
considerable attention in the past decade has been the description of
energy levels in nuclei. Properties of these levels, such as their
decay modes, excitation energies, spins, isotopic spins, and parities,
have been investigated in an effort to discover systematic behaviors
which might lead to an understanding of nuclear structure and prop-
erties of the specifically nuclear force. This study of nuclear syste-
matics has been successful in some respects, resulting in descriptions
of several types of collective nucleon motion, as well as descriptions
of some of the properties of single nucleon-nucleon interactions. The
hypothesis of the charge independence of nuclear forces, for example,
is supported in part by the observation of a one-to-one correspondence
of states of similar properties in the level structure of mirror nuclei.

The process of describing properties of nuclear states requires
a vast amount of experimental and theoretical work, and existing in-
formation is quite obviously far from complete. The work reported =
here is directed toward enhancing and clarifying present information
concerning the energy levels of the isotopic spin multiplet with A = 11.
In comparison to other light nuclei (A < 20), the amount of information
about the states of these nuclei is relatively small. In C11 especially,
although many states have been found, none have been given conclusive
spin and parity assignments, and at excitation energies above the
threshold for proton emission some experimental results appear to be

11
contradictory. A brief discussion of some of the experiments on C
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will indicate the nature of these difficulties and contradictions and
provide additional justification for this work.

When Bm is bombarded by protons in the energy range from
C.15 to 3. 00 Mev, states in the compound nucleus C11 can be formed
at excitation energies from 8.74 to 11.42 Mev. It is energetically

possible for states formed in this manner to decay in any of the follow-

ing ways:
11 = ;
C +y Q = 8.700 Mev.
7
Be +c = 1.147 Mev.
j *
10 4, cll* -
Be + ay O =0.716 Mev.
BIO +p

Wost of the definitive work on C11 in this region of excitation has been
done through the study of these processes. (1)

From studies of neutron groups from the reaction Bm+d-* Cn*+ n,
states in CH near excitation energies of 10 Mev have béen_identified at
excitation energies of 8. 97, 9.74, 10.09, and 10. 89 Mev. (2-4}) If
these states were formed by free protons, the corresponding proton
bombarding energies would be C.297, 1.144, 1,529, and 2.409 Mev.

In addition, several weak neutron groups have been observed by some
investigators which may be due to levels at exciiations of 9.13 (2),
9.28 (3), 10,69 {3,4), and 11. 26 (3) Mev, corresponding to free proton
bombarding energies of 0.473, 0.638, 2.189, and 2. 82 Mev. These
energy levels are displayed in fig. 1.

| The uo-particle decay leading to the ground state of Be7

{J"= 3/27) has been extensively studied for incident proton energies
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from 50 kev to 1.7 Mev. At low proton energies (from 50 to 800 kev) the
&2y yield increases smoothly with energy with no indication of anomalous
behavior which might be associated with the states in Cn at excitations
of 8.97, 9.13, and 9. 28 Mev. (5,6)

The level at 9. 74 biev has tentatively been assigned a spin and
parity of 3/2°. This state has been observed through both the ¢_-particle

decay (7), and the y=-transition to the ground state of Cu

. {(8) The Q-
particles are resonant at a proton bombarding energy of 1.17 Mev, and
the cross section at this energy limnits the spin J of the state to values
of J = 3/2. The angular distribution of this f:io-particle group exhibits
only a small anisotropy below proton eaergies of 1.2 kiev, which indicates
that the state has possible spin and parity assignments of W, 5/2+, 3/j2",
5/27, or 7/2°. The positive parity possibilities arise through s-wave
proton formation of the state {since Em has a ground state spin of 3,

even parity), and the 3/2" possibility arises through s-wave o -decay

of the state. The 5/2" and 7/2" assignments are possible if the state is
formed by a Py/2 proton,

One criterion for choosing the preferred assigniment from these
alternatives lies in the necessity of explaining the lack of resonant ba-
havior of the al-decay to the first excited state of .E-eT(Jﬂ =1/2"). Un-
fortunately, there are no strong selection rules apparent which would
make one of these assignments preferable. However, if one considers
only the relative penetration factors for the two alpha decays, the 7/ gt
and 5/27 assignments are the least likely since the penetration factors
will inbibit the @,-particle decay a factor of three relative to the ¢ -

particle decay. For the J = 3/27 assignment this inhibition factor is

approximately five, for the J = 5/ " agsignment the inhibition is a factor



of sixteen, and for a 7/2" assignment the celoparticle decay is inhibited
by a factor of approximately séfty.

Further limitations on the spin and parity assignment for this
state can be derived froimn studies of the (p,y) reaction which is vesonant
at a proton enargy of about 1.15 kiev. The partial width for the gamma
decay to the ground state of Cu is observed to be approximnately 10 ev,
which is compatible with a magnetic dipole transition. I the ground
state of CH is 3/27 conmsistent with shell model predictions and the stripe
ping pattern of the neutron group leaviag Cu in its ground state (9), the
preferred assignments for the 9.74 Mev level are 3/27 or 5/27.

Although the (3, y) reaction serves to limit the choices of level
parameters for this state, it also posas some problems. The total
width of the state obtained from the (p,vy) reaction is near 500 kev, while
it is approximately 300 kev from the (1, uo) reaction. Also, the reso-
nant energy obtained from these two procasses is slightly different,
1.135 Mev and 1.17 Mev for the (p,y) and (p, c;-o) reactiong respectively.
The aagular distribution of the ground state garmarna radiation at a proton
energy of 1.135 Liev is observed to be W(g) =1+ 0.50 cosa 9. If the
deexcitation iz assumed to consist of a single, pure multipole transition,
an assigament of 5/27 is the only one which can explain the large aniso-
tropy. With this assignment however, the gamma anisotropy is incon-
sistent with the ¢ -particle isotropy.

The importance of these digerepancies cannoct be accurately

(%)

ssezsad. Most of the conclusions conceraing this level have been obe '
tained by assuming that the state is pure and that the energy dependence
of the reaction excitation functions can be described by a Breit-Wigner

gingle level formula over at least part of the resonance. The validity
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of these assumptions is doubtful since interierence effects have been
observed in the (p, txo) angular distributions. In addition, if s-wave or
p-wave couloinb barrier penetration effects are removed from the y
yield curve, the resvnance characteristics of the ga&:zzaa decay are
nearly eliminated. (fig. 52).

One source of this observed interfarence may be from the state
at an excitation of 10.09 Mev. This state has been studied (7) through
the alpha particle decay to hoth the ground state and first excited state

™ 7 . - - ~ 3 B -
of Be . Measurement of the total cross section for alisha decay at the

resonant energy of 1.55 Mav iplies that the spin of this state is greater
than or cqual to 5/2. Analysis of the angular distributions in terms of
powers of cos & shows that the coefficients of odd powers of cosé are
sharply peaked at a protoa ensrgy of 1. 36 M ‘ev. This is construved as

an indication that the states at 9.74 and 10.09 i.fev arc of opposite

parity. (7) Detailed thicoretical fittings of the data show that the alpha
particle anzular distributions are inconsistent with assigniments of

E,/E'.+ and 5/27 for the 9.74 and 10. 09 Mev states respectively, leaving

as most likely the assignments of 3/27 and ?/2;'- . {7} Tre value Jﬂ=?/"3% "
arising through s-wave and dewave proton formation of the state, is con-
gistent with the fa.lure to observe the ground state garniaa transition

and the roughly equal strengths of the @ and e“l-c-,eca*,'s.

The resonant behavior of the alpha particles and gamrma radia-

tion in this energy region appears to be superimposad vpon a background

P

h may be due to either of two causes; the existence of a broad uniden-
i . i

tified level in C 1, or non=resonant effacts.

\hove proton e 1&.1"'1....: of 1.7 Mav, only the {(p,y) (10) and {p, ¢, ¥)

(11) reactions have been studied. The yields of both of these reactions
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increase raonotonically with energy, but no evidence of resonant be-
havior has been discerned which might be attributed uniquely to a
state at an excitation of 10.6%, 10.4L9, 'c;r 11, 26 liev.

Throughout the preceding discussion of the reactions that have
been studied, the elastic scattering of protons by #o has not beon
mentioned. This experiment has been perform:ed (12) in the limited
energy range from 600 kev to 1.6 kiev, but the data was sufficient to
determine only that anomalous scattering exists at proton energiss
near 1.5 iiev and perhaps near 1.15 iev. Such an experiment is fre-
gquantly capable, however, of yielding more information about the
nucleus than the study of cther reactions. Protons scattered by the
nuclear potential will interfere with protons scattered by the coulomb
field of the nucleus. Giuce the coulomb scattering amplitude is
mown, it is often possible to determine properties of the nuclear
scattering a..nphtug.e such as its phase and magnitude. The parities
of states can also often be determined by ingpection becauss of the
influence of these interference effects.

o s . " ; 2 10

The investigation of the elastic acattering of protons by B
reported in this paper was initially undertaken at low proton ener-
gies in order to clarify the gitvation concerning the states in Cn
at excitation energies of &.97, 9.13, and 9.28 liev. After comple-~
tion of this work, since nost technical problems had bzen solved,
it was logical to extend the scattering to higher energies to answer
the following Questions: what nuclear level parameters will ade-

quately describe the states at excitations of 9. 74 and 10. 0% Mev;



what is the nature of the background underlying the resonant behav-
ior of the reaction products froza these states; and what is the nature
of th.e previously reported levels at excitations of 10.69, 10.89, and

il. 26 ilev?
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II. EQUIPMENT

I, Description

Two electrostatic accelerators were utilized in this experiment.
A 700 kv generator was used to accelerate protons in the energy range
from 150 to 650 kev, and a 3.1 Mv generator was used in the energy
range from 600G kev to 3.0 Mev. The description and operation of these
two machines and their anc;il‘lary equipment are similar; the main differ-
ence between them is in their physical dimensions. Since they have been
described in detail elsewhere (13, 14} their operation will be discussed
onlyﬁbrieﬂy here.

A hydrogen ion beam, containing H+, E-Il-i'+, and HHH+ ions was
produced by an r-f ion source in the high voltage terminal of the mackine.
After acceleration, this beam was separated into its various mass com-
ponents by a magnetic field perpendicular to the direction of motion of
the beam, and the desired component selected by removing the other
components with a slit system. (In this experiment only the I—I+ com;
ponent was used.) The resultant beamn was then deflected through ninety
degrees by an electrostatic analyzer. S&lits at both the entrance and exit
of the analyzer defined the particle orbit in such a way as to select a
portion of the beam which was homogeneous in energy to the order of
C.1%. Fine regulatioa of the machine voltage was obtained by utilizing
a feed-back system: controlled by an error signal from the slits at the
exit of the analyzer.’ Physical parameters which were used for each of
the two electrostatic analyzers are displayed in Table I.

At the beginning of each experimental counting cycle, a solenoid
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ANALYZING EQUIPMENT

Electrostatic Analyzers

Properties

Znergy range
150 to 660 kev

Energy range
600 kev to 3. 0 Mev

Radius of curvature of
particle orbit

Entrance glit separation

Exit slit separation
{beam spot size)

Energy resolution

30-1/4"
1/16"

1/32" x1/32"

42-7/16"
1/16"

1/16" x 1/16"

R~ E 5 3 Ip° 7 x 10°
AR - 2AE
Magnetic Spectrometers
Radius of curvature of gn 16"
particle orbit
Exit slit separation 1/32" 1/16"
Solid angle & x 1072 sterad. 6 x10"> sterad.
Momentum resolution 'E‘E 8 x 102 103
14. 5% — 165, 5° 0% — 154°

Range of angles

Scattering geometry

Incident beam horizon-
tal, scattered beam
15° below horizontal

Incident and scattered
beam horizontal
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operated beam shutter was opened and the analyzed beam allowed to

o

enter the target chambeyr and strike the target. The amount of charge
incident on the target was integrated by allowing the beawm to charge a
condenser to a predetzrmined voltage. “hen this voltage was attained,
a trigger circuit was activated, the bearn intercepted by the shutter,
and the counting cycle eaded.

“When the beam strikes any surface, secondary electron emis-
gion will occur which can affect the accuracy of the veam current
integration. These effects were minimized in two ways. .An electron
suppressor electrode, biased at 300 volts negative with respect to
ground potential, wae situated at the entrance to the target chamber to
prevent electrons from the beam defining slits from reaching the target.
The target itself was biased 3C0 volis positive to prevent secondary
electrons from leaving it.

Doth target chambers were equipped with liguid nitrogen cold
traps to reduce the condensation of diffusion pump oil on the surface of
the target. At low bombarding energies, where this surface contamina-
tion can be particularly serious, the target was heated electrically to
further minimize these effects.

The reaction products, in this case elastically scattered protons,
were analyzed by a high resolution, double focusing magnetic spectro-

meter. he resolution: of this device was a variable which was deter-
mined by the size of an aperture in a slit system at thae exit of the
gpectrometer (Table I}.

After the scattered protons passed the slits at the exit of the

spectrometer, they irapinged upon a C. 010 inch thick, cesium: iodide



Ji-

{thallium activatedj scintillation crystal, mounted directly on a Dumont
5291 photomultiplier tube. The resultant pulses were amplified by the
asual preamplifier, amplifier arrangement and counted by a decade

scaler which was turned on and off respectively at the beginning and

end of the counting cycle by a signal irom the beam current integrator.

2. Electrostatic Analyzer Calibrations

For a given geometry, the energy of the particles which traverse
the electrostatic analyzer is proportional to the voltage between the
plates of the analyzer. This voltage was determined indirectly by
measuring a constant small fraction of the potential difference between
the plates with a precision potentiometer. The relation between the
potentiometer reading R, and the particle energ Eli‘: is: {12}

=

10

ni

C R{ +
e

The factor Ce is a geometry dependent proportionality constant, and

Pl

i c¢” ig the rest mass of the particle expressed in energy units. The
second term in this expression is a2 relativistic correction which
attained a maximum value of 0.15% in this experiment.

The constant C_ was ‘determined by recording the potentio-
meter reading at which the particles {(protons in this case} initiated a
nuclear reaction which occurs, or is strongly resonant, at a2 well known
energy. In the energy range between 100 kev and 650 kev, the calibra-

tion was performed by observing the garmma radiation from the reaction

.

16

Fw{;;s, ay)C " which is resonant at 340, 5 kev {15}. The targets used



were alurnsinum flaoride, made by holding au aluminum foil over the

icouti of a ydroflioric acid bottle for several seconds, £t 340 kev

47 B Rt ¥) ‘% g
] iyt 1A s 4y R o cer Dyey ) oenoan Ayne @nmet -l v T g o f laen o
L8 LL20TLE Lc‘.‘yﬂl in ihes; u_'.rbef.a fad an -..’-3.361.!\;*] i.-llCt.\ZLG—‘bu Cl tae garmme

crier

we. It was necessary,

=

thercifore, to correct the odserved y-yield for the effecis of tarse

L3

thickuess beiore the poteuntiometer reading corresponding to the

resonant energy coulid be determined. This was doae by assu.n

that tue onserved resonance wiath was a siiv

i of the tarpet
thic.mess and the actual widih of the state, and that the state could ne
wescrined by a Lreii~iigner single level formala.

At higher energies, frown 95U kev to 3.0 Miev, the calivration

g

was based on the Al™ {0, y}Si"" resonance at 992, 2 kev (18], ana the

I )

lii {p, n;0e threshold at 1. 8812 hi.ev (15). The targets were thick

evaporaied layers of zluminumm and lithiuwin, respectively.

3. «lagnetic Spectrometer Calibrations

The momentum of the particles accepted by the magaetic
gpectrometer is a function of the magnetic field over the particle orbit.
An average value of this field was measured by a flunmeter, delicately
suspended on jeweled bearinge, which consisted primarily of a coil of

wire wound on a non-magnetic forre and a mechanical counter~weigit.
The coil wae positioned near the paxrticle orbdit within the vacuwn
chamber of the spectronieter. A current was passed through this coil
and adjested until the torgue produced by the inieraction between the

wagaetic moment of the coil and tue wnagnetic field was balanced by the

restoring torque produced by the counter-weight. The current reguired
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for the balanced condition was precisely measured by a potentiometer,
in units of the voltage produced by the current in paseing through a
standard resistor. In terrns of this current I, the energy EZG of the

particles accepted by the spectrometer is given by the relation (12):

c E. .
. -~ m &t
By = ra (k= =) (2)
C - aue AL
Py
Lot 2 —lw

The proportionality constant Cm can be determined if a source of
particles of known enerpgy is available.

The calibration for these experiments was effected by studying
the energy distribution of protons elastically scattered at a given angle
from targets of known comnposgition, utilizing the previously calibrated
electrostatic analyzer as the energy scale. These distributions were
investigated in two different ways, depending on which accelerator was

o~

being used. ©On the 700 kv generator, the spectrometer acceptance
energy was held fized and .’;he scattered proton yield measured for
variable incident proton energy, while on the 3.0 Liv generator, the
7incident energy was fixed and the spectrometer energy varied. These
two mmethods are eguivalent, the diiferent procedures being dictated by
the relative ease of changing the spectrometer field and clectrostatic
analyzer voltage. Exnamples of the resultant energy distributions, or
target profiles, obtained by scattering protons {rom evaporated copper
targets are shown in fig. 2.

The spectrometer cal‘ibration was obtained from these proiiles

in the following way. The protons gcattered at an angle SL with re-

spect to the incident beam from a nucleus of mass M have an energy
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E_ =cE (3}

where E1 is the proton energy immediately before scattering. a is

determined from the kinematics of the scattering to be:

M,cos € {};’12 - ﬁ.ﬁz sinze, \’;1/2 2
1 L o 1 i
a = e s - 5 - (4\
M +M M o+ M
o 1 o 1

where i‘!,"ll' ig the proton mase. If the protone are scattered frowmn the
front surface of the target, so that they do not lose energy in traversing
any target material, the energy EI’ in equation 3, becomes the energy
By, which is determined by the electrostatic analyzer, and L., becomes
the spectrometer acceptance energy 3‘1;20. In a profile of the type
shown in fig. 2, the fluxmeter current corresponding to the midpoint

of the step in the yield curve represents the spectrometer energy Toge
Dy combining equaticons 2 and 3, the calibration constant can be deter-
mined.

These calibrations were performed throughout the data taking
zrocess by scattering protons from freshly evaporated copper targets
and from the carbon which agpeared as a surface contaminationon the
boron targets. A summary of the spectrometer calibration constant
obtained over a wide raﬁg,e of energies and scattering angles is given
in Table II. This table illustrates the consistency of the calibration

constant for both the electrostatic anelyzer and spectrorneter as a

function of energy and angle.
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SPECTRCOMETER CALIBRATION CONSTANT

TABLE II
Target Scattering Incident Fluxmeter Calibration
used _Angle 0 Er.ner.gy Eo Shetting i Constant ‘532,1.1

in degrees in Mev in volts in hiev-v

Copper 74%27' 1.100 0. 6821 0. 5008

94°18" 1.100 0. 6856 0.5013

104926 1.100 0. 6877 0. 5008

114%a5! 1.100 0. 6896 ¢. 5011

120°18! 2. 500 0. 4574 0. 5001

125°2¢0" 1.100 0. 6915 0. 5008

136°3! 1.100 0. 6929 . 5007

- 146%54" 1.100 0. 6945 0. 5004

153°571 1.301 0. 6388 0. 5007

Mean of 9 points C_, = 0. 5008 = 0. 0002

Carbon 84°15! 0. 600 0.9827 0.4989

55%17" 1. 100 0. 6980 0.4994

64°49" 1.100 0. 7065 0.4994

74°27' 1.100 0.7159 0.4994

. 94%18! 1. 100 0. 7367 0.4995

104°26° 1.100 0. 7476 C.4995

114%46" 1.100 0.7584 0. 4997

125%2¢" 1.100 0.7685 0. 4996

136°3! 1. 100 0.7773 0.4992

146°54" 1.100 0. 7867 C. 5013

153%57! 1. 301 0. 7268 0. 5011

120%18! 2. 500 0.5063 0.4996

153°%57" 3.000 0. 4775 0. 4995

120°18" 3. 000 C. 4623 0. 5001

¥ean of 17 such points C,, = 0.4997 + 0, G003




It will be noticed that the values of the constant Cm depehd

slightly on whether copper or carbon was used in the calibration.

When copper was used, the stey in the profile may have been shifted

to slightly lower energies because of the buildup of a surface contami-

nation of diffusion pump oil. This effect would tend to increase the

measured value of the fluvmeter constant. ‘‘hen the carbon coatami-

nation peak was used in the calibration, this source of error was elimi-

nated. It was difficult, however, to determine which point on the carbon

pealk corresponded to the energy EZG {fig. 3). If the carbon layer

were infinitely thin, for examnple, the peak of the scattering yield

would be used instead of the midpoint of the rise. Since the midpoint

in the rise was used, an errvor was introduced which would tend to mnake
[

the calibration coustant too sinall,

The spectro;:‘:éter calibration depends on the accuracy with which
the ecattering angle 2 is measured, and will be especially sensitive to
the scattering angle if a light target nucleus is used in the calibration.
The gcattering angle was calibrated in the same way for both magnetic
spectrometers. IProtons scattered by a target of high atomic number
{e. g. tantalum) were reguired to pass through a small aperture before
entering the spectrometer. The aperture consisted of a smell hole,
with a diameter of J. 060 inches, located in a tantalum mask, The mask
was mounted on an arm two inches long so that it could be moved in a
circle about the axis of rotation of the spectrometer. The angular
poeition of the aperture with respect to some reference poiat was meas-

red by a protractor. The reference point was obtained by adjusting

=
0]
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the height and angular position of the hole so that the incoming beam
passed through the hole. This process determined the zero and 180
degree scattering directions. The mask was then rotated to cover the
magnet entrance aperture, the target pléced in pesition, and protous
scattered through the hole were counted as a function of the angular
position and height of the hole. In this way a series of profiles of the
magnet apertures were obtained.

Since the magnet aperture covers a range of several degrees,
the profiles were corrected for such effects as the angular dependence
of the scattering cross section. These corrections are discussed more
fully in the Appendix. From the corrected profiles, the mean effective
scattering angle for this work was approximated by using the geometric
center of the magnet aperture.

The results of this measurement are shown in fig., 4. These
profiles have been presented in the form of an isometric projection,
where the contour drawing represents lines of constant counting or

collecting efficiency.



1. Target Requirements

Targets suitable for the experiments reported here should
satisfy several requirements. Perhaps the moat important of these is
that the targete must be atable under bombardment. " hen struck by
proton beams with intensities of the order of one micro-ampere per
square millimeter and energies up to 3. & Mev, the targets should not
deteriorate in either composition or thickness.

Of nearly equal importance is tiwe purity of the tarpgets. Im—l
purities may introducé errors in the determination of the stopping cross
‘section which must be uced in computing the elastic scattering cross
saction. Furthermore, contaminations of elements heavier than the
element of interest are particularly undegirable since the elastic scate
tering yield from the light element may be masked by scattering from
the heavier elements. Although the effects of these contaminations can
be minimized if their relative concenirations are known, the accuracy
of any measurements will be impaired. It is desirable, therefore, to
keep contaminations as low ae possible.

Additional properties are desirable for the experimental deter-
rmination of the etopping cross section. The target should exist in a
well defined layer, either as a layer ou some gort of backing material,
or in the form of a self pupporting foil. Means should also exist for
conveniently controlling the thickness of this layer.

It was necessary to develop a method of making boron targets

which satisfied these reguirements, since standard techniques failed in
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one respect or another. Evaporated targets were found to be impure,
either because of impurities in the boron used or because of the intro-
duction of impurities due to the high temperatures required in the
evaporation. Electromagnetically separated targets, which were pro-
duced by bombarding a backing with a boron ion beam, were unsuitable
gince the boron layer was not well defined. Layers of pressed amor-
phous boron were also tested and found unsatisfactory because the be=-
havior of the layer under bombardment was unpredictable and because
it was difficult to control the target thickness. The method which was
found to be far superior to other types of target preparation was the

depoagition of boron through the thermal decormposition of diborane.

2. Properties of Diborane

Diborane {.‘?.zi—:é) is a compound which exists as an extremely
reactive gas at standard conditions of temperature and pressur'e and
which has a melting point of =162°C. and a boiling point of -32°C. Crude
thermodynamic calculations (16) indicate that the gas should decompose
into hydrogen, boron and boron hydrides é.t a temperature of about 230%%.,
and that the efficiency of the conversion of diborane into elemental hydro-
zen and boron is a strong fqnction of pressure and temperature.

Necause diborane is reactive, any gas handling system must be
clean, moisture free, and air tight. The gas is toxic in such small
quantities that odor is not an adequate detector. In addition to this
danger, mixtures of oxyjen and diborano can be oxplosive. The mixture
can easily be ignited at rcom temperature and the combustion is sponta~

neous at temperatures of 40° to 50°C. Diborane, as well as other boron
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hydrides, hydrolyze comgpletely and rapidly.
Most of the previous methods of depositing boron layers by
~ thermal decomposition of diborane have been continuous flow methods
where a pressure controlled stream of gas is passed around a tem-
perature controlled surface. {16-19) Through analyses of the residual
cases and through chemical analyges of the boron layer, the efficiency
of the cracking process as a function of temperature and pressure,
and the purity of the boron deposits have been studied. Such expéri-
ments indicate that the spontaneocus decomposition rate at room tempera-
ture and a pressure of one atmoaphere is of the order of 109 per year
with the decomposition products being elemental hydrogen and boron,
tetraborane (1 ‘1,_1'»{10). pentaborane (35519 and ?'-15E~E11). decaborane.(?mﬂl 4),
and some nonvolatile hydrides (T:E}Ix). At temperatures of about 150°¢.
the only volatile hydrides which appear are pentaborane and decaborane
and the relative amounts of nonvolatile hydricdes are increased.. At
500°C, only the nonvolatile hydrides oceur and these decay to elemental
boron and hydrogen at temperatures above 700°¢C.

The efficiency of the crackiny process is a function of pressure,
but at pressures below the order of several centimeters of me?cur;: and
at temperatures above 700°C. the efficioncy is close to 1009. .'.L‘c::-

| example, analysis of the results of depositing boron on quartz heated to
560°C. indicated that the process was 21 efficient and the deposit 1009
pure.{16)

The results of these experiments indicate that the optimumn tear-

-~

perature for the decomposition lies hetween 700°C. and 1000°C. If the
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terperatures are too low, the boron deposits may cortaln contaminations
of boron hydrides. "When these deposits are exposed to air, the hydrides
will hydrolyze and the deposit will subsequently flake from the deposition
surface. If the temperatures are too high, several secondary changes
are likely to occur: 1) the amorphous daposit tends to hecome crystal-
line, 2) the boron coating tends to diffuse into the backing material, and

3) borides of the backing may be formed.

3. Target Preparation

The method adopted for the preparation of boron targets differed
slightly from the deposition methods reported in the literature. The
apparatus used is shown schermatically in fig. 5.

The diborane was produced by the Chemistry Department at the
Universitjr of Southern Cal.li‘t'cn:r::xia"= from a complex, CaF, BF,, which
was obtained from the Oak Ridge National Laboratory. The boron content
of the complex had been enriched to 96, It‘zm, and spectroscopic analysis
of the boron indicated only traces of elements other than boron. Thé
gas was stored in the pyrex containers (fig. &) which had a volume of
50 cc. and was kept under refrigeration when not in use in order to
retard spontaneous decomposition.

The decomposition was performed in a pyrex cylinder which was
designed to contain the deposition surface. The target blank which

gerved as the deposition surface was supported 'by a quartz tube and wase

% .
Through the cooperation of Professor A. F. Burg and Mr. James Toone
of the University of Southern California.



held away from the pyrex walls of the decomposition chamber by another
quaxrtz tube which surrounded the target blank and support tube. The
target blank was heated inductively by placing the cracking chamber in
the heating coil of an r-f epark-gap converter. The temperature of
the target blank could be controlled by adjusting the power ouiput and
tuning of the converter.

A mercury manometer was used to measure the pressure of the
diborane allowed in the cracking chamber, and also to determine the
residual hydrogen pressure after the cracking process. Once the
résiduai hydrogen preasure had been calibrated in terms of target thick-
ness, this measurement provided a convenient means of controlling
the target thickness.

Because of the activeness of diborane, care should be exercised
in the choice of lubricants and vacuum sealing compounds for the stop-
cocks and demountable joints in the apparatus (fig. 5). Silicone vacuum
grease, for example, was chemically attacked by the diborane, while
"Apiezon T® stopcock grease was found satisfactor‘s;'.

After investigating several substances, tungsten was selected as
the material for target blanks. Tungsten discs 3/4 inches in diameter
and 0. 010 inches thick were mounted on braes blocks with black wax
(plasticene) and were ground flat with successively finer grades of
abrasives terminating with 600 grade emery paper. After this prelimi-
nary grinding, the discs were polished with 0-10 micron diamond dust by

En
the Caltech Mettalurgy Department. A hizh poligh was required since

-3 5
With the cooperation and aid of Professor . S. Buffington and Dr.
Ronald Willens.



-23-

it has been demonstrated that reduced scattering yields can he obtained
from rough or scratched surfaces. {29)

After they wera polished, the Llanks were thoroughly cleaned
using alcohol, .0t concentrated nitric acid and finally hot concentrated
potassiuvm hydroxide. When the final cleaning step was om:itted, the
boron layer deposited on the tungsten was found to flake oif when the
target was bombarded. Presuma’aﬂy tha existence of a thin oxide layer
on the tungsten adversely affects adherence of the layer to the
 tungoten.

Decause the tunoten blanks were only 16 mils thick they were
heated nonuniformly by the induction furrace. Zince this uneven heatin:
would regult in boron layere of nonuniform thickneas, the blanks werc
placed on copper sluze 1/16" thick and 3/4" in diameter. The tungsten
was then heated more uniformly since the heating took place throush
conduction as well as induction. The increased heat capacity of the
system due to the addition of the copper slug also enabled one to control
the temiperature more castly.

The actual deposition process consisted of the following steps
which could ba repeated to produce targets with thicknesses up to at
least I millizgram per square centimeter.

1. The apparatus was evacuated, and the diborane {rozen by
placing liquid nitrogen around the diborane container.

2. The tarset blank was heated to approximately 260°C., as
measured by an optical pyrometer, in order to outzas the blank.

3. The cracking apparatus was then closed off from the vacuum



pumps and the stopcock to the diborane container was opened.

4, The liguid nitrogen was removed and the diborane allowed to
evaporate and enter the cracking chamber where it decomposed on the
hot target blank.

5. When the total pressure reached a value of 2-3 cm. of mer-
cury, the liguid nitrogen was again placed around the diborane bottle
and the diborane which had not decomposed was recondensed into the
bottle. |

6. The residual hydrogen pressure was noted and the system
opered to the vacuum pumps to remove the hydrogen.

7. With the system etill open to the vacuum pumps the blank was
reheated to drive off any hydrogen which might have been in the deposit
in the form of nonvolatile hydrides which might have formed because of
the increase in pressure and decrease in temperature which occurred
during the decomposition process.

. This nrocess was repeated to obtain a target of sufficient
. thickness as measured by the residual hydrogen preasure.

9. Upon completion of these steps, the blank was reheatzd and
allowed te cool slowly by zradually reduvcing the power output of the ine
duction heater. This annealing procegs improved the stability of the
target under bombardment.

A profile of a typical target obtained through this thermal de-
composition process is shown in fig. 3. The peaks of carbon, oxygen,
and silicon were due to surface contaminations of diffusion pump oil

which were deposited on the target during bombardment. The only un-
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certainty in the purity of these targets was the hydrogen contamination
wiich could not be couveniently mmeasured through tie study of target
profiles. It is felt that this containination was small {<1Y%) for several
reasons. There was little or no deterioration of the targets when ex~
posed to air for considerable lengths of time which indicated that very
little hydrolysis of boron hydrides occurred. Doron hydrides react
violently with nitric acid but these targets were stable when subjected
to this treaimnent. Also, the small hydrogen countaruination {<19) in
the boron deposits reported in the literature, which were made under
esgentially the same conditions of temperature and pressure as the
targets used here, is 21 additional indication of the sinallness of the

contaminations in these targets.
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IV. STCPPING CROSS‘SGECTION MEASUREMENT

1 Intr;)duction

Previous ’work on the reactions initiated when boron is bombarded
by protons has been seriously hamperéd by the lack of measurements of
the stopping cross section of boron for proténs. It has been necessary
to estimate this quantity from the known values of the stopping cross
section of carbon and berylium. I'or this reason, since suitable targets
‘had been prepared, the stopping cross section was measu;ed in con-
junction with this work.

The atomic stopping cross section ¢ is defined in terms of the
differential energy losé dE experienced by a particle passing through

a layer of the substance of interest as:

where N is the number of stopping atoms per unit volume and dx is
the thickness of the stopping layer.

The raticnale for the type of experiment émployed here can be
understood from the definition of the stopping cross section. Since
stopping layers of finite thickness were utilized, equation 5 raust be inte-

grated. If this is done and the mean value theorem applied, one obtains:
O = ) dE = | Neds = -NAxE(E,) (6)
o »

Since the number of stopping atoms per sguare centimeter of target
N4x is a constant for a given stopping layer, the energy loss AE is

proportional to the stopping crogs section if the stopping cross section
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is taken at some energy &, between the energy oi the particles incident
on the target and the energy of the particles emergent from the stopping
layer. The energy Ex can be computed from the incident and emergent
particle energies if the energy dependence of the stopping cross section
can be estimated in the limited energy interval between the incident and
emergent energies. From this estimate the energy dependence of the
stopping cross section can be ascertained for any large energy range

without knowledge of specific properties of the stopping layei-.

2. Relative Measurement

In thie experiment a layer of boron was deposited on a tungsten
blank. Profiles of the target were obtained at a series of energies
between 100 kev and 3. 0 Mev by ohserving protons scattered at backward
anzles. Since the elastic scattering cross section for tungéten is large
compared to that for boron, it was nossible from these profiles to deter-
mine the energy of the protons which had passed through the boron layer,
ad been scattered from the tungsten, and had passed again through the
boron layer before emerging. Py comfsaring this energy to the energy
of protons scattered from a tungsten targef with no surface layer, the
energy loss AL could be determined. Examples of these profiles are
shown in fig. 6.

~y

The expression for the energy & wasobtained by assuming that the

stopping cross section varies linearly with the energy in the interval be-

tween the incident energy and the energy of the protons emerging irom

the boron layer. (21) Since the target profiles were measured in different



ways depending on which accelerator was beiny used, it was convenient
to express Ex in terms of a different set of vaﬂables for each case.
On the 700 kv generator.ﬂ where the spectrometer energy EZO was
held constant and the iﬁcident energy varied, it was desirable to express

Ex in terms of the incident energy I,

] __"l -
=~ 107 %0, "167 10 (n- ) (7)
“x | ) P2+ a) M+ a
cos 31 E(Eaa) £z,
. ay 3 i L 4 : 3
where q -55-5—,-—2— °""”’1U }a -E-l (for tungsten, eq. 4). Ia thic

1
expression ‘EIO and E are the electrostatic analyzer energies re-

10
quired for protons scattered from the tungeten in the bare tunzsten and
horon coated tungsten targets respectively, to eater the spectrometer
with the same energy Eyer O and £, are éhe angles betweern the
in;:ident and scattered beams, respectively, and the normal to the target
surface. Since the second term in equation 7 had a mazimum value of
only 1% of the first term, the values of n were épproximated by using
the known values of the stopp.ing cross section of carbon for protons.

On the 3. 0 Mv generator the incident energy was held fixed and

the spectrometer acceptance energy varied. For these conditions:

. e "7‘.‘ '
x T 207 %20 | *20" F20 (1)
x> TI+a a7 § ) I ey §
R (2)
) cos dy e(r..zu)
1'% =

cos Gz €{2y0)

EZO is the energy of the protons scatiered from the bare tungsten tarzet
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and E'ZO is the energy of the protons emergent from the boron layer,
after scattering from the tungsten.

Because the protons must pass through the boron layer twice,
and bocause the protons also lose energy on ecattering from the tungsten,
an eifective thickness of the target must be defined. If the profiles are
measured using the techniques of the 3. 0 Mv generator, this thickness

is given by:

Ax coB8 GZ \
“Fotf ~ Tos U, 1t UM goaT, (9)

Equation 6 then remains valid if the quantity Nix is replaced by
N&eff'

Effects of surface contaminations and the shift In the step in the
target profiles that they would produce are minimized by bombarding
both the bare tungsten target and the boron target with the same amount
of charge at each energy. Surface contarninations should shift the pro-
fles by nearly the same amount in each case, and the resultant energy
thickness should be due to the boron layer alone. To further minimize
the effects of the buildup of surface contaminations, target spots were
changed {requently. The amounts of surface contaminations and con-
taminations in the boron targets were investigated by lowering the inci-
dent energy to such a point that the protons scattered from these cone
taminations had less energy than the protons scattered from the boron

coated tungsten., In all cases the effects of these contaminations were

small enough to be neglected since they contributed less than 19, to the
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thickness of the boron layer.

Because target spots were changed frequently, the posaibility of
error was introduced through nonuniformities in the thicknees of the
boron layer. Therefore, whenever target spots were changed, adequate
precautions were taken to normalize the thicknesses Qf these spots to
the thickness at a given point on the target. The results of these
measurements are shown in fig. 7, where different target spots have
been normalized to a common target thickness, and the entire curve

normalized to absolute values obtained by further experiment.

3, Absolute Measurement

It is possible to make an abgolute determination of the stopping
cross gection with the above method if the number of stopping atoms
per square centimeter of target surface is known. Thic quantity can
be determined by weighing a deposit of known area. In terms of this
weight %/, the area of the deposit A, and its molecular weight M, the

stopping cross section can be exprsssed as:

. MA cos 62
C(Ex) = (.11.20— ..".'420) * ) cOos Bz . (10)
wif1+ a{ ) EE—T’T 3

where the energy thicknese of the layer, EZO - 5’:3:20. is measured by
varying the spectrometer acceptance energy for fixed incident energy.
I, denotes Avogadro's number, the number of atoms per mole.

The target used for this absolute measurement was again boron
deposited on tungsten; The area of the rdeposit was sharply defined by

tightly clamping the target blank in a copper holder which was designed
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80 that the tungsten was exposed to the diborane only through a carefully
reamed hole. This copper holder served the secondary purpose of in-
suring even heating of the target blank. The hole in the deposit defining
device was measured to be 1. 036 cm. in diameter. After a boron layer
was depouiteql with the aid of this assembly, the target was examined
under a microscope and found to consist of a sharply defined deposit
surrounded by a small halo which was due to boron deposited under the
area defining assembly. The diameters of both the main deposit and
the halo were measured with a traveling microscope and found to be

L 0456 + 0. 001 cm. for the main deposit, and L 0627 + 0. 004 cm. for
the halo. The halo was quite obviously very thin since interference
f{ringes were visible, and it probably contributed little to the weight of
the deposit. The value of the diameter used in computing the area of
the deposit was 1. 046 + 0. 01 cm.

The weight of the boron deposit was determined with an Oertling
optical level micro-balance. * The guoted accuracy of this balance was
0. 5 micrograms with 2 maximum load of 10 grams. This accuracy was
not attained, however, since the balance was situated in a room which
was neither temperature nor humidity controlled. This was evident
through variations of the order of 10 micrograms in the rest point or
zero reading of the balance. Because of these variations, zero point
readings were recorded as a function of time and, interspersed with these
readings, several weighings of the disc were made. The rest point was
then assumed to vary smoothly with time in order to find the rest point at

the time the disc was weighed,

o
Available through the cooperation of the Biology Department.



The first step in the waighing process was to determine that the
weligut of the tungsten disc was independent of its thevinal history. The
ciisc was placed in its holder aund inductively heated in vacuvuin to approx-

. Ao 9 s} CO ] : . Ty LRt =0 L . &
“imately 300°C, after which it was weighed. The weight of the disc after

© -

thisg heating was 0.375749 + 0. 000005 gramns., The disc was then re-

heated and reweighed and found to have a weight of 0.375754 + 0.003005
grams. Since these values agresd to within the estimated error of the
measuremaeants boron was deposited on the blank. The weight of the
tungsten disc plus the boron deposit was 0.3760654 + ¢. 000605 grams,
indicating that the weight of the boron deposit was 900 + 7 micrograms.
Hince the natural boron wes not used in the absolute determina«
tion of the stopping crosa section it was necessary to corapute the mo-
17, was obtained by

and 4.04% 0.03% B,

lecular weight of the layer. A value of X = 10.35
g

E.

=1
agsuming that the target was 95.96 + 0.03% B
as given by the analysis of the complex from which the diborane and

ne target were made. The supplier estimates that the systematic error

v,

in this analysis was lees than 14,

‘he results of this absolute determinatio: of tiie stopping cross

section were: =2.712x ld'lb av. ci. 2 at an energy of 1, 805 Mev,
and € = 2.10 x l.()"15 ev. cm. . at an energy of 2.642 l.ev. The energy

dependence of the stopping cross section, normalized to these values

LJ"’

is shown in fig. 7,

<. Errors
In order for equation 10 to be valid there rnugt be spme assurance
that the target is of uniform thicimess. This was checked by measuring

the position of the tungsten step as a function of position of the target.
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Profiles were taken by bombarding target spots separated by 1/16"
along a diameter of the target. These profiles are indicated in fig. 6.
These measurements indicate that along a length of 0. 375", the target
thickness was uniform to within + 2%.

Diffusion of the boron into the tungsten blank will tend tc make
the stopping cross section too small since it will increase the weight of
the disc without adding to the effective thickness of the boron layer. If
there is a.ppreciable'diffusion. the scattering yield from tae tungsten
will be reduced because of the increased stopping cross section per
tungsten atom. The size of this error was estimated by reconstructing
the rise in the profile due to the protons scattered from the tungsten by
assuming that the rise would be symxmetric about its midpoint if no
diffusion were present. The departure of the observed yicld from this
reconstructed profile was used to estimate the concentration of the
boron within the tungsien, This effect was found to contribute an errvor
of less than 19. |

A summary of these and additional ervors is given in Table Il |

The valuecs cbtained here are in reasonable agreement with ti:rose
obtained by extrapolation by Whaling. (22) At energies above several
hundred kilovolts, the siopping cross section can be expressed by: (23, 24)

e=££=;"-‘i_§;z[m(§)+a (1)
where gze, M, and E are the charge, rmass, and energy of the incident

particle respectively; I 1is the atomic number of the stopping material;

and m is the mass of the electron. The quantity A depends on the
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TABLE III. ERRORS IN STOPPING CROSS SECTION

MEASUREMENT

Source of Error Estimated Effect
Area Determination 2%
Weight of Deposit = 1%
Molecular Weight of Enriched Boron x 1%
Measurement of Target Thickness £ 2%
Target Uniformity | & 2%
Diffusion Effects x 1%
Contamination Effects : < 1%
Measurement of 91 and 92 20.3%
Asgumption of linearity of ¢ :

over a limited energy range <1l%

Total probable error & 47
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average ionization potential of the stopping material. By plotting the
empirical values of A obtained from neighboring nuclei, Whaling
extracts a value & =5, 07 for boron. This leads to a value of € =

G-ls 2

6.37x1 ev. cm. ~ for the stopping cross section of boron for

| protons at 500 kev. compared to a value of € = 6.40 x 10'15 ev. cm. 2
at 500 kev obtained from this work.

The values reported here are also in good agreement with un-
published values recently obtained for the stopping cross section for
alpha particles in boron at the Physikalisches Institut, Marburg/lahn,
Germany. {253} When these values are converted to atomic stopping
cross sections for protons with proton energies between 0. 125 kev and

1. 0 Mev, they reproduce both the energy dependence and absolute

values of the stopping cross section reported here to within 2%.



~-36-
V. SCATTERING CROSS SECTION MEASUREMENT

l. E=xperimental Procedure
The differential scattering cross section dfr(l‘ﬁl)/dz‘; ;. inthe
laboratory coordinate system: can be determined from the thick target

scattering yield N from the expression:

de{ =) ' cts cos &
= X, Bl Bl ) i
1 20 2 :
where
K = ZeReo (12)
...f'i‘-

The scattering cross section obtained fromn these equations is the

scattering cross section at the reaction energy El' In terms of the

w:

incident energy “'310 and the spectrometer acceptance energy EZO'
El ic given by:

o Lz,&t(ﬁildcos By + By e(E,5)c08 O o
i - . e a
cu:(um)cos 6y e(ng)cos 8

In this expression as in equation 1, {;‘*1 and 92 are the éngles between
the normal to the target surface ansi the directions of the incident and
scattered beams respectively. a is determined by equation 4. The
stopping cross sections used in these equations are the stopping cross
sections per scattering nucleus. This can be written as:

wn,t (5
Fh i( )

¢{z) = —— (14)

J

where the n, are the number of atowms of type i per unit volume of
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target material and the ti are the atomic stopping crose sections
associated with the substance i. nj is the number of scattering atoms
of interest per unit volume, In this experiment, the beron targete were

10 and 4% Bn so that the stopping cross section used

assumed to be 9069, 1
was 1. 042 times larger than the atomic stopping cross section for protons
in boron.

The guantity K (equ'ation 12) contains the number of protons inci-
dent on the target, expressed in terms of the charge Ze of the incident
particle, the value C of the condenser used in the bearm current inte-
grator, and the voltage V across this condenser at which the current
integrator ends the counting cycle. R is the momentum resolution p/&p
of the magnetic spectrometer and f;';,L is the solid angle subtended by
the spectrometer at the target. The reciprocal of the particle detection
efficiency is given by ¢. Values of ¢ different from unity can be ob-
tained if, for example, counting rates are sufficiently high that electronic
dead time effects are important or if a portion of the detecting crystal is
inactive due to surface contaminations. Another contribution to ¢
arises from the charge exchange process in which a portion of the beam
is neutralized by picking up electrons from residual gases in the vacuum
system or from the target upon emergence from the target.

The only way in which the quaatity ¥ can depend on the type of
target material is through the charge exchange ratio contained in ¢.
However, since the cross section for charge exchange is large (2¢), it is

expected that the charge exchange ratio will be determined primarily by

the surface contamination of diffusion pump oil on the target, and thus



be independent of the target material itself, There is some experi-
mental evidence that t‘his is the case (27). X can therefore be deter-
mined from equation 11 if a scattering experiment is performed on a
scattering substance whose scattering cross gection and stopping croscs
section are known.

The elastic scattering of protons by copper was used for this
calibration. It was assumed that the scattering could be described byr
a pure Rufherford scattering cross section corrected for electron

screening effects. The electron screening correction is given by Venzel

(13) as:
7/5
: . 347
§§=(§%)¥u--ifr) (15)

where 7 in this case is the atomic number of copper and El is the
proton energy expreased in ev. The results of this calibration at low
energies are shown in fig. 8, where values of K are plotted as a function
of spectrometer acceptance energy EZ-O' These values are normalized
to a value of 1. 01 at 400 kev obtained for the charge exchange ratio by
Allison and Varshaw (27). For comparison, the energy dependence of
the charge exchange ratio given by Allipon and ‘Yarshaw is also shown.
At higher energies, X is expected to be a constant. This was found to
be true to within + 1% for proton energies from 700 kev to 3.0 Mev.

These copper calibrations were run periodically while deter-

10 in order to minimize such effects

mining the scattering yield from =¥
as long time drifts in the bearn current integrator firing voltage V. At

all times, counting rates were maintained at such a level that electronic



dead time corrections were less than 1%.

Scattering excitation functions (cross section as a function of
energy) were deterrnined by measuring the proton scattering yield at
- energy intervale of approximately 19, of the incident energy and at
three angles. In the energy interval from 150 kev to 650 kev where the
700 kv generator was used these angles were ‘9102(;', 126°9" and 162%251
in the center of mass system. From 600 kev to 3. 0 Mev, the angles
were 90° 125°16' and 160°34'. The two forward angles were chosen
to be near the zeros of the first and second Legendre polynomials.
Spectrometer settings I (in millivolts), and electrostatic analyzer settings
2 (in volte), were determined from a thick target momentum profile
8o that protons with an energy of approximately 19 less than that at the
edge of the step were counted. These settings were used to determine

the constant k in the expression

2

RI® = ka(®) (16)

From this expression, spectrometer settings could be determined for
any electrostatic analyzer setting so that particles would be counted

at the same relative point on the thick target profile. It is important
that the point selected be neither too close to the edge of the profile nor
too far back. If it is too close, reduced yields from the edge of the pro-
file may be obtained, and if it is too far back, reduced yields due to
multiple scattering and straggling may occur. Furthermore, if the
following point is too far back, equation 1l for the cross section is not

accurate since the stopping cross sections C(Em) and &(an) should be
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averaged over the energy interval from Eg to El and from B, ek,
to I,, respectively. For a following point 1¢, behind the edge of

the step, neglect of this averaging introduced an error of less than

0. 2% in the scattering cross section.

The number of counts measured at the top of the step in the
momentum profile (fig. 3), conosisted of protons scattered by 310’
protons scattered by the ‘SH contamination in the target, c-particles
primarily from the Bl{j(p. u)Be7 reactions and noise. In order to
eliminate counts due to sources other than protons elastically scat-
tered by Bm, an eetimate of the background was obtained by setting
the electrostatic analyzer and spectrometer to count particlee from
the top of the arnall fii‘-u step in the target profile. This background
wag recorded at intervals of approximately 29 of the incident proton
energy anrd assumed to vary smoothly with énergy. It was possible to
perform this background measurement at all angles except at center of
mass scattering angles of 60 and 70 degrees, where the carbon surface
contamination peak and the ?311 step could not be resolved. The difference
between the number of counts recorded at the top of the 1%310 step and the
background was taken as the proton scattering yield N, to be inserted
into equation 1l.

Angular distributions (cross section as a function of scattering
angle) were determined by measuring excitation functions every 10° in
the center of mass system from 60 to 160 degrees. Points on these

'excitation curves were obtained at energy intervals of 25 to 150 kev, de-

‘pending on whether the excitation functions showed any fine structure,
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or whether energy levels had been previously reported in a particular
energy region. Care must be taken in determining spectrometer and
electrostatic analyzer settings for angular distributions since the proton
scattering yield should be measured at the same reaction energy _al

at each angle. {Conditions can be derived from equation 13 to ingure that
this will be true.. However, cince no narrow eanerzy levels were apparent
in the excitation functions, this condition was relaxed and the scattering
yvields were measured at the samie set of incident energies g at each
angle. The upectroz;ieter gettings were computed from these incident
energies using equation 16, where k was taken to be independent of
angle and was chosen sc that at any angle the yiell was measured well
behind the front of the step in the profile. The variation in reaction
ener(yy in the anzular distributions which arcoe from the use of eguatican
16 amounted to + 0. 25 of the incident ensrgy. The reaction energics
used to describe the angular distributions were averazes over this
interval.

In comparing experimental recults with theory it is convenient
to express the results ao a »atic between the observed cross sections
and the calculated Rutherford cross sections. This was accomplisched
by converting the croses section computed fror equation 11 to center of
mass coordinates by ruultiplying the croco section by the ratio of the
solid angle [ . in laboratory coordinates to the solidangle 7' . in

Lo ot
centor of mass coordinates. This ratic ic given by
" 2k Taw Vi
3. (1« (34,/M )8in“6. )
1 o L

s s AEr e T e -
“C L - (/N ) ein®o_ )24 3 /2 cos 2]

1/2

. (17)
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for the case of elastic scattering of protons of rnass M, from nuclei

i

of masg 3‘-,20. The gcattering angle in lahoratory coordinates €, is

et

related to the center of mass scatteriag angle &.- by

et

sin (0= ¢.) = - sin 8, (12)
S i Liig

#'or protons scattered by copper, the expression used for the Rutherford

scattering cross scection in center of massa coordinates was:

o 1125 x 107 cact(o /),
(a:r = = - cm” [ster. {13)
S v )

A ._.,.*1

For protons scattered by boron, the ecuivalent expression waag;
¥ | xp

o 3.920 x 1020 cscé( 9{:/2) 5
=1 = ) cra”/ster. {20)
MR )

where the scattering occurs at an energy ."rf?«l expressed in Mev.

| The excitation functions obtained using the above techniques are
shown in fig. 9. The arrows along the abscissa of this graph indicate
the energies at which angular distributicns were measured. The a_ng;ular

distributions are shown in figs. 10 through 4&.

2. Normalizations

There are scveral independont normnalization procedures which,
by comparison, provide a test of the consistency of the experimental
results. At very low energies, the observed scattering cross section

divided by the Rutherford value should appreach unity since the
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coulomb barrier will pfeclude nuclear events. Anocther normalization
is derived naturally by uaing the absolute values of the stopping cross
sections of boron and copper in equation 11

An additional normalization can be cbtained if a compound can
be found which contains boron and some other element in definite pro-
portions. A comparison of the scattering yields from the constituents
of this compound will give a comparison of the scattering cross sections.
This can be seen immediately from the definition of the cross section ¢

in terms of the thin target yield V:

T | - (21)

Here n ig the number of scattering nuclei per unit volume of target
material and dx is the target thickness. If the target is a compound
of known composition, the number n is known for both constituents
and the target thickness is the same for both elements. Thus by measur-
- ing the scattering ylelds from both components, their relative scattering
cross sections can be determined.

A satisfactory compound for this method of normalization is ByTa
Since the elastic scattering cross section for oxygen is known at 1. 250
Mevw to within 19 (28), it is possible to obtain a value of the cross section

1C

for the elastic scattering of protons from 137 at this energy.

The targets were made from boric acid H3BC, which had been
enriched in boron content to 93% :’E’sm. This compound was placed in a
tantalum evaporating boat and heated under vacuum to drive off the

water. Vhen horic acid is heated ahove 500° C, §I333(1)3 and all sub=acids
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are decomposed into '-32'03 {29). Care was therefore taken to heat the
sample to greafer than 500°C. The boat containing the fused 5504
was then placed in an evaporating furnace contained in the target
chamber. Two polished berylium discs were placed in the target holder
and the B 2C3 was evaporated onto one of them. This evaporation pro-
cess was repeated until a target of the desired thickness was obtained.
The optimura thickness was a layer thick enough that it exceeded the
resolution of the spect rometer, but thin enough that the protons
gcattered from the oxygen and boron could be resolved. PFrofiles of
the target obtained are shown in fig. 47. On the same figure is a
profile of the bare berylium blank.

The profiles for the bare berylium and the ??32133 targets were
measured in exactly the same way, and each target was bombarded by
the eame amount of charge. This was done so that surface contami-
nations of oxygen and carbon would be the saine on both targets. On the
berylium target (fig. 438), it is Béan that the yields from the oxygen and
carbon surface contaminations are roughly the same. Onthe B,0,
target two carbon contaminations are visible, one on the surface of the

‘berylium behind the 3,04 layer, and one on the surface of the 3,0,
The oxygen surface contaminations unfortunately occur within the
scattering peak due to the oxygen in the 5,0, The effects of the oxygen
contamination were subtracted by assuﬁing that they contributed the
same yield as the carbon. The positions of the oxygen contamination
peaks were determined from the kinematics of the scattering.

The target thickness was such that the protons scattered from the
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77 and ptt could aot be resolved. It was assumed that the shape of

the profile due to 5 was the same as that due to the e and that

i1

the D7 scattering yield was that occurring between the carbon con-

tamination and the Bm step. The profile due to the E&ll was then re=

consgtructed and subtracted from the '_.10 scattering yield.

The scattering yields were obtained from these corrected target
vrofiles by extrapolatiag the top of the profile to the enargy corres-
ponding to the miidpoint of the step. This energy was selected as that
for which the oxygen scattering cross section was kuow:n.

o s o en o nl0 . o .

‘he calculation of the D" scattering crogs section from these
vields is more complicated than indicated by equation 21. Since the
tiiiciness of the target exceeds the resolution of the eqm) nent eguae

tion 1l must be used instead. An appropriate expression derived from

equation 1l is given by:

‘a0 N E. (B i
(do':;/ ‘1:’ " ““.;s ;20(‘f Bey 14 ::4Q10)Y . (22)
(do./di) No B20Ct R 10’ 1+ afe)¥

This relation is obtained by asswning that the stopping eross section

°
'

for protons in B ?"f;.’-:. can e written as:
& Lt wt

] ~
€ =aly {a = constant) {23}

in the energy interval fror: 1.0 to 1.5 ilev. Tho exponent y = -0.240
was evaluated from a logarithmic plot of the stopping cross section of

1,0, obtained from the atomic stopping cross sections of boron and
o -

P

oxjgen:

b BBy {24)
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. N
M o and "

p ave the scattering yields for oxyken and boron respectively.

EyglC) and E,.(2) are the spectroreter acceptance energies at which
the oxygen and boron scattering yields were measured, and n_= 2{0.93)

10

and 0= 3 are the relative concentrations of oxygen and B" in the

target. do-o/dQ is the oxygenelastic proton scattering cross section which
was taken as 0.162¢ barns/ster. atanenergy of 1. 250 Mev and a scattering
angle in the laboratory of 120%20°. {(2) Frogn these values, the cross
section for the elastic scattering of protoas by Bw at a bombarding
energy of 1. 200 Mev and a scattering angle of 125°16" in center of maes
L, de, 4, do

coordinates was determined tc be (m)/( m)}t = 2. 0L

The results of these three norrmalizations appear on the excitation
curve (fig. 9) for a scattering angle of 125°16'. The data as presented
in these curves is normalized to the Rutherford cross section at low
energies, where the same normalization factor was used at all angles.
Normalized in this way, the curve passes about 29 below the value ob;

tained from the © 293 normalization and about 3¢ above the values ob-

tained by using the absolute valuesa of the stopping cross section.

3. Errors

The probable exrrors attached to the experimental points will
depend on the type of normalization utilized. ©or convenience, the errors
are divided into two parts, one which depends explicitly on the normaliza-
tion and one wrhich is independent of the normalization. It is this latter
relative error which is shown on the angular distributions. For a dis-
cussion of these errors it ic coavenient to rewrite equation 1l in terms of

the quantities actually used in computing the scattering cross sections:
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cos @
| | e e 1
(39, /de, _ Scu Np EaglCul (€plEyglalBIe5(Ra0) GaaT, )
MV n g }:Cu o olB » ] cos T}
(€ gl Eyplol Cuke o (Eaokmg, )

(25)

In this expression, Lo and ¢, are the coulomb scattering cross
sections for copper and boron respectively, determined at the reaction
enerzies at which the copper scattering yield NCu’ and the ?-‘.10
scattering yield NB' were measured. EZO(Cu) and EZO(B) are the
spectrometer energies used in these measurements for copper and'borcm
respectively. 7“iriting the expression in this way is justified because the
copper calibration was performed periodically during measurements of

the 3310 scattering vield.

From equation 25 it can be seen that the determination of the i-'.‘.:m
.scattering cross section will not depend strongly on either energy ox
‘angle calibrations, since the coulomb sca.i_:tering cross sections vary
in nearly the same way for both boron and copper. A summary of the
estimated probable errors due to various sources when the absolute
stopping cross sections are utilized are shown in Table V.

L =

“hen the normalization irom the measurementa on B,04 is used,
the large errors in the absolute deterzm‘:na.tions of the stopping cross
sections are no longer involved since this normalization requires only

the energy dependence of the stopping crouss sections. Furthermore,
contamninations in the target (as long as they are neither boron nor oxygen)

and surface irvegularities are not important since these effects will not

affect the ratio of observed yields fromn boron and oxygen. The main
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uncertainty in this measurement, which cannot be easily estimated, is
in the relative concentrations of oxygen and boron in the target due to
the possible presence of sub-oxides of boron. The estimated probable
errors in this normalization are shown in Table VI

It should be noted that the effects of systematic errors are
probably small gince the results on both generators overlap within the

estimated relative error of 2% (fiz. 9).



TADLE IV,

A
Y

ERRORS (STOFFPING CROSS CECTION NCRMALIZATIO

T
.Aé!/

Zource of Error Amount
1. Normalization
£, Copper stopping cross section + 4%
B. DBoron stopping cross saction 4%
C. Target composition # 1%
. Angle calibration <1l
2. Relative Error
A, Errors in copper scattering yield
l. counting statistics 2 @, 3%
2. current integrator reliability 0.3
3. electronic dead time correction 2 1%
4, assumption copper scattering is
Rutheriord ?
5. Errors in boron scattering yvield
1. counting statistics & 1%
2. background subtraction (O >70° ) &€, 27
{at 60 and 79 degreeas) (£ 47)
3. current integrator reliability & 0.3%
C. Errors in energies
1. neglect of relativistic corrections %+ 0. 3%
2. deterinination of By {relative} = 0,1%
2. wvariation of E
{angular distributions onlyj {£ 0,275
Sstimnated relahve erroxr (O >70°) 4 go
{at 60 and 70 degrees) (£ 4°%)
Total estimated probable error % H%;
{at 60 and 70 degrees) (= 7%
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NORMALIZATION)

TABLE V, IZRRORS (‘BZO3
Source of error Armount
1. MNormalization
A. Cxygen scatiering yield 1%
B. Boron scattering yield & 2%
C. Oxygen scattering cross section %+ 17%
. Target composition ?
 E., Stopping cross section of B,0, 2 1%
Z. Relative Errors
A. Copper scattering yield {see Table IV} 1%
B. DBoron scattering yield (see Table IV) 1%
{at 60 and 70 degrees) (£ 47%)
. Errors in energies (see Table IV) = 0.6%
D. Relative values of boroan stopping
crosgs section 1%
E. Relative values of copper stopping
cross section & 1%
Total probable error in normalization x 3%
Total relative error & 2%
Total estimated probable error % 4%




VIi. TEELRY

1. CGeneral Discussion

The procedure followed in analyzing the data consists of deter-
inining parameters which, when inserted into theoretical expressions,
duplicate the energy and angular dependence of the observed scattering
cross sections. “When such a set of parameters is obtained, which is
also consistent with existing reaction data, it is assumed that the events
occurring have been adequately desceribed. The formalism which is
used here has been described in great detail elsewhere, (20, 20) and
therefore will be briefly reiterated here onl*; as is necessary to under«
stand the analysie performed.

The different scattering processes which can occur, such as
coulomab scattering, nuclear resonant and non-resonant scatteriny and
spin-flip scattering, are described in terms of scattering amplitudes.
These many amplitudes are divided into groups such that amplitudes
within a group will interfere coherently while amplitudes in different
groups will add incoherently. The division is made ou the basis of
the channel spin configuration through which the scattering occurs.

The channel spin is defined as the vector gum of the spin T of the
target (or residual) nucleus and the intrinasic spin 5 of the incident

{or emnergent) particle:

Jg = 1+s (26)

s

g . =10
In the case of elastic scattering of protons by 37, there are two pos-

cible channel spins Jch = 5/2 and Jch = 7/2. The term "channel spin



configuration" refers to the pair of numbers consisting of the channel
spin and its z-component, {'..Tch, mch}. If unpolarized particles are
involved, the scattering events which occur through one set of initial
and final channel spin configurations vwill be incoherent with
events which occur through a different set of initial and final channel
spin configurations.

4 convenient rmethod of tabulating the various scattering ampli-
tudes iz to comnstruct a wmatrix, the rows of which are described by the
initial channel spin configurations and the columas described by the

; : ; - oy ¢
final channel spin configurations. For protons scattered by B

this
will be a 14 = 14 matrin., The elements of this matrix will consist of
the sums of coherently interfering scattering amplitudes. The final
expression for the scatterinpg cross gection will then be the sums of
the squares of the matrix elements, divided by the number of initial
states of the system, {21+ 1}{2s + 1}.

Suclh a method would appear to e infinitely complex since
scattering events can occur fo: every orbital angular momentum E
of the incident particle, each event being described by a characteristic
acatteriny amplitude which mnust be included in the channel spin matrix.,

o

Comnpound anuclear states which are formed must satisfy conditions of

&

coaservation of parity and angular rmomentum:

T +7’-—'T;°-?; T (27}
“ch -~ v TYh 7 Siae
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where J and M are the angular mmomentum and z-component of
angular momentum of the compound state, and where primed quantities
refer to the angular momenta of the residual particles. Eguation 28
has utilized the fact that the =z-component of angular mdmentum of a
plane wave travelling in the z-direction is zero. In addition to these
restrictions, for protons with an energy of less than 2 IMev scattered
by Bm one would‘expect only those protons with orbital angular mo-
menturn of less than 7 to interact appreciably -ith the target nucleus
to form compound states of the systemn. The probability of forming a
compound state is related to the width IT'" of the state. This width can
be expressed as a prodluct of a penetration factor and a reduced width
yz which is a function of nuclear parameters alone:

2

(Fé +G£)R

where FI- and G, are the regular and irregular coulomb wave func-
tions respectively, evaluated at the nuclear radius R, and k is the
wave number of the incident proton in the center of mass ccordinate
gystem. Employiﬂg the Wigner single particle limit (31), the r‘educed

width can have a maxirnum value of the order:

2
2 T

V=3 (30)

d

il

o

where M is the reduced mass of the system. At a bombarding energy
of 2 Mev, these expressions place an upper limit of 40 kev on the proton
width of the states formed by f-wave ({ = 3) protons. Since no narrow

anomalies are observed in the excitation functions, pure f-wave formation
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of compound states probably need not be considered in the analysis.

2. Scattering Amplitudes
The scattering amplitude ‘fc for Rutherford scattering is

given by:

fc =1/f~lei% {31)

where
. 0”1° 2 Y%
_._.ﬁ____ln {sin _Z.

z,© and z;e ave the charges on the tarpet nucleus and incident proton

L

respectively. R 1is the expression for the Rutherford scattering cross
section given b:,/r equation 20. This amplitude is a sum over all orbital
angular momenta, but since the coherence of the scattering depends
only on the channel spin configurations, the various angular momenta
need not be considered explicitly, These amplitudes will occur as diago-
nal entries in the channel apin matrix since off-diagonal terms corres-
pond to spin-flip scattering.

The nuclear scattering amplitude consists of the product of

several factors:

!(J b ,m .u.., )t)‘"‘l (\.,”" )f

7 (32)

CJ E(J M .mcHD)b

ch’ Ttuhlfs.s

chl
Cne factor is a Clebsch~Gordan coefficient which describes the proba-
bility amplitude for forming a compound state with angular momentum
J, z-component M, from a given channel spin configuration (Jch' mch)
and orbital angular momentum ¢ of the incident particle. Another

Clebsch=-Cordan coeffident gives the probability amplitude for the decay
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of this state into a channel spin configuration (J;h, m;h) and orbital
angular momentum 2' of the emergent particle. The angular dependence
of the emergent particle is described by the normalized spherical har-
monic ‘f?'(ﬁf‘, @) The final factor contains terms which describe speci-

fically nuclear processes and is given by:

Jdw i - ' Aeqn L
=, 2 ATL (-2 5 ) 2gilngim g 2] (33)
uch. Yeh' £y 2 &K 8¢C

where s
lzze
"o } tan” g )

The form of the factor fac as used here depends on the assump-
tions concerning the nature of the scattering processes. ‘“hen only
s-wave protons are involved, it ic assumed that the processes which

can occur are potential scattering, scattering due to the presence of

non-resonant reactions, and scattering through a compound state. f:c
may then be written as (for s-waves only):
- - 2i6 1 . 2im
2i¢ v J J
£ = £ +g -1 = e%l¥) _’% (e J-1)#{1-Ck ‘-1 (34)

In this expression, the quantity ¢. is the potential scattering phase
shift, and 6J is the resonant scattering phase shift for the formation
of a state of apin J. 'FpJ is the proton partial width of the state and

Z-f'J is the total width. £ is related to the non-resonant reaction cross

section.

For higher angular momentum protons, potential scattering and
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non-resonant reactions ar§ assumed to be small. The basis for this
assumption is derived from a simple classical picture which states
that for particles with angular momentum % to interact with the
nucleus, the inequality kR 2 # muét be satisfied. Cn this basis, a
bombarding energy of more than 1 Mev is required before p-wave

{2 =1) protons can interact appreciably with Biﬁ if a nuclear radius

-

of R = (L4l x 10'13)(A1‘)/3--:- Ai/s) s 5 10 s I ansumed.  Undsw

the'assumption that only compound state formation contributes appreci-
ably to the cross section, the scattering amplitude faJc has the same

forin for both pure elastic scattering and opin-flip scattering:
1/2

‘) / 2153
- 1) {35)

(e

) ( :’pJ)leJ,i

fj = (af )(a§: J' ‘
o J

B I Jv::h h
The primed quantities in this expression refer to the angular momenta

of the particles after scattering. is the nuclear probability

2
a

3y Jch
amplitude for the formation of a state with spin J from the channel’
spin Jch and orbital angular momentum 2. I rom its definition, this

channel spin mixing ratic must satisfy the condition:
Y] 2, ., 1 N2 ‘
las, 52l 103 qpal =1 28]

where the channel spinc have been inserted {or the scattering of protons
by }:‘:m.
Vi hen these amplitudes are inserted in the channel spin matrisx,

the matrix elements squared, and the sum of these squares divided by

{21 + 1)(28 + 1) = 14, the following expressions for the cross section are



obtained.

i, Pure s-wave processes

- [ 8ing 1 jtx1) - €22 & s U (37)
= 3§ = -——.,-—_, 3.-.'. - T Yo
RE T s RT3 412R,
whore 7[2

“ o ,

. . & 2N 2J+ 1
oH = 15/2%‘ -I:!_-f?/z = Z}/ (m)— {COS a'“ El - \,}T —m-k- 91.:\
J=b/2

=

27
27 .
PdJ g i i
""'"""L"'} 1 sin Z-;’-‘-Jﬂm ¢ ;co8 UJ}

6 i 2341 Ty . 2
" . ; 8 . X J+4 . - - £ 1
Y = E_yg/zé E"&Y/Zn P 7 == { ain 2.,,‘.,3[ 1 C -v'r;—- sin & i
J=5/2
2 7
b - COB 2ep.8in 5_cos 63.}
1 J o o
- Us-wave reaction
i m"fa/z ’b"/a’ . Ta"f?/a"“'r/z’ Z

i

2. For pure p-wave formation of a state with spin J, plus

s-wave baclkground:
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where

b
u

1 ‘1
sin 63 co&(?.nl- 2730 + 5;{’

3; = sin 85 sin (2n; - 2n, + 6])
I | 2 2. 4% N 1 2, 1 2
Dy :J(aJ. 7/2) cos” U = o /7, ' (oj' I ') (0‘,}, 7' )
& ch ch
m, M, JC‘"—' Jci"

x | 73 (e lCJc.\s l(J, MM, O)Cju

1( J, M;M~m, m)}
ch'

Values of Dy and F, are plotted in fig. 4 as a function of the channel
spin mixing parameter for values of J which can be formed by p-wave
protons. »Equation 32 assumes that there is no overlapping of p-wave
states, and cquation 37 assumes Ithat s-wave states of equal spin do

not overlap. Becausc of the great complexity which occurs with the

introduction of p-wave amplitudes, higher angular momenta amplitudes,

which would further increase the complexity, were not considered.

3. Energy Dependence of the Scattering Amplitudes

The scattering parameters determined through the use of equation
37 or 3¢ must exhibit a reasonable energy dependence. This dependence
may perhaps be best investigated by considering the influence of various
types of scattering on the quantities £ 3 and g 7 as defined by equation
34, When interpreted as points in the (fJ, gJ) plane, the values of fJ
and g5 will describe a curve which must lie wholly within the unit circle
fg‘ + g? = 1. If only potential scattering is present, the points determined

by fJ and gy will move around the unit circle in a clockwise direction
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as the energy ie increased. This is casily seen by the reduction of

equation 34 to:

. i , ¢
£+ igy = 6203 (39)

»

where the potential scattering phase shift o 3 ic a negative quantity
which decreases monotonically with energy. Arguments using causality,
which state essentially that the proton cannot be scattered before it
reaches the scattering center, limit the energy variation of the phase
shift to values such that: (32)
doy .
- g <R (40)

~where R 1is the interaction radinus. This is a hard sphere approximation
and should be intarpreted oaly as a crude limit on the phase shift.

If,in addition to pure potential scattering, non-resonant reactions
are included, the points determined by fJ and 23 will still describe
a clockwise rotation, but with a radius of curvature given by (1 - C).

If only resonant scattering ie present, equation 34 reduces to:
3 2i8
J J
£5 4 1g; = -323- (e “-1)31 (41)

where the resonant phase shift is defined in terms of the resonant energy

+

-

r 86.

&

cot §; = o (42)

As 6J varies through 180°, equation 41 describes a counterclockwise
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circle, tangent to the unit circle, with a radius given by 7&"_; 8

In general, all of these effects will be present, and the point
(fJ, 33) will trace out a complicated figure consisting of a superposition
of the above rotations. Another departure from idealized behavior may
occur for broad levels since the radivs of the resonant :ircle may not
be constant due to the energy variation of the quantity -.,.3-9-‘.1r .

In the actual analysis, the quantities X, ¥, and U are deter=-
mined. These parameters ave functions of four s-wave amplitudes,
55/2. gS/Z’ and £7/2. 57/2' which cannot be uniquely determined unless
interference with particles of higher angular momenta is preseut. Since
the s-wave amplitudes may behave differvently, the energy dependence
of X, Y, and U may be complicated. In spite of these difficulties,
some conclusion as to the validity of the fittinz parameters may be |

obtained from the following conditions on X, ¥, and U.

. X, Y, and U must satisfy the conditions:

2, b

-ls X<l «1sY<]; 0sUs]l; XY s1-U {43)

2. If no resonances are present, the points (X, Y) in the (¥, Y)
plane should describe a clockwise rotation.
3. If a resonance is present, the points (X, Y) should describe

a crude counterclockwise rotation with a radius of curvature given by:

27 + 1 *nJ
EEEE) T (44)

4. Analysis Procedure

If only s~wave processes are occurring, there is a graphical
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method of determining the scattering parameters. The expresaion for
the scattering croas section is a function of three vafiables, X, Y |
and U. Since the detailed {fitting of the angular distributions is insen-
sitive to the values of U, U may be estimated from the measured
‘reaction cross section. Using these values of U, and the measured
scattering cross sections in equation 37, 'there vesults a set of linear
relations for each angular distribution involving only X and Y as
unknowns. These equations, one for each angle, can be considered as
defining a set of straight lines in the X, ¥ plane. The best intersection
of these lines will then determine the best values of X and Y. An
ex.a.mple of this method of solution is shown in fig. 49, where the short
transverse lines indicate the errors in the experimental determination
of the scattering cross section.
| If the values of X and Y obtained in this way exhibit un-
reasonable energy depeundence, or violate the conditions in equation 43,
~or if the circle of confusion of the intersecting lines is incompatible with
the experimental errors, it must be assurmed that the pure s-wave
analysis is not valid. Scattering processes of greater complexity must
then be considered. The only additional p?oceases counsidered here cone
sisted of the inclusion of p-wave resonant states. Values of the p-wave
resonant scattering parameters such as thé spiﬁ J of the compound state,
the resonant energy E_» the proton partial width, and the total widih of
the state were assumed. "When possible, these values were chosen to
be consistent with estirnated parameters obtained from experiraents on

the reactions which occur. hese agsurmed values were introduced into
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equation 305, and a zraphical analysis employed to determine the s-wave
scattering parameters. The p-wave scattering parameters were then

adjusted to make the s~-wave parameters exhibit reasonable behavior.
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Vil. RESULTS

l.  Proton Bombarding Energy Ep < 0.9 Mev

For proton energies of less than 500 kev, the excitation curves
{fiz. 9) are smoothly varying functions of energy with no indications
of anomalous scattering which might be attributed to the previously
reported states in Cu at excitation energies of 8. 37, 9.13, or 9.28
Mev. Analysis of the angular distributions in this energy region (figs.
16-13) indicate that the scattering can be explained by pure s-wave poten-
tial scattering. If it is assumed that only potential scattering is cccurring
and that the potential scattering phase shift is the same in both ecattering
channels, the phase shif{t may be determined from the parameters X and

Y from the relation:

@=Ftant & (45)

Values of the potential scattering phase shift obtained in this way zre
shown in fig. 50. The encergy variation of this phase shift is compatible
with the causality condition expressed by equation 40,

¥rom the excitation functions and angular distributions in this
energy region, it can be concluded that if the previrously reported states
do not interfere with nearby states, their total widths musat be of the
order of 1 kev or less, or that the partial proton widths are less than

2% of the total widths.

2. Proton Bombarding Energy, 0.9 < Ep <1l.3 Mev

Between incident proton energies of 0. 9 Mev and L 3 Mev, the

effects of the previously reported state in Cn at an excitation energy of
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.74 Alev should be observed in the scattering. Since there exists cone
flicting evidence for the spin and parvity assiguments of this state, several
hypothieses were employed in the analysis

I it is assumed that this state is formed solely Ly s-wave protons,
the theoretical cross sections can be made to duplicate the experimental
scattering angular distributions very well {figs. 14-21). The s-wave
scattering parameters X and Y, exhibit recasonable bDshavior and suge
zest the presence of & resonance (fig. 51). Tho most attractive assigne
meat for this level is then J© = 5/Z+ » consisteat with the E?sm(p, g )d_ac
angulazr distributions {7). From the values of X and ¥, the ratio of the
proton partial widtl. to the total width is T / I'=¢.2., This value is only
accurate to a factor of two, but ..ompar ee favorably with a ratio of
l"‘p/;f" = (.15 obtained {zom the L u (;_., &y )Bfa? excitation functionz by ace
suming that the cross section at resonance can be described by a treit-

W10

L

single level forinula. It was not possible to obtain accurate values

&)

of the resonant energy or total width of this state from the scattering
parameters.
There are some difficulties with the J = 5/2" assignment, howe

O | ; 11 T " :
ever. 1) The 5" (p,y)C angular distributions must be explained.

r

2) Ielow a bombarding enargy of 1.140 Liev, the valucs of X and ¥ are
e &) L "l-‘z 4 % 2 7T 3.2 : 3 e

such that X~ + ¥~ =1 « U which implies that the s~wave scattering amp-

litudes are the saine in each scattering channel. The latter difficuity

can be remedied if smaller values of the s-wave rceaction cross section

ars used than those given in the 41
[}

values would sugzgest that the measured (p, @) cross sections contain

('),6:0)533' work (7). These smaller

contributions {rom other than s-wave processes which is an additional

indicatiou that more than pure s-wave scatterin events are occurring.
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Secause of these difficulties, the angular distributions were
analyzed by assuming the presence of a p-wave 3/2° or 5/2° state.

Gan P " ~10 ekl PR - P 4
¥roc the interpretations of the E™ {p,y)C and D7 {p,u)te reaction
data, the following possibilities for values of the p-wave resonaace

varanieiars were obtained

: i 2
BN ° 48 I C: -
> e _ & 5/2,7/2)
1.15 Mev .28 300 kev 0.6
1,17 Mev 0,75 500 kev

1.20 NMewv

T7ith anv combination of these values, the theoretical cross sections can
again be made to duplicate the experimental scattering angular distri-
buticne. IHowever, the s-wave scattering amplitudes £. /,, £r /55 £ /05,
5 ¥ 5/2" 5 %" "T72
and g /4 behave in an unreasonable manner. At emergies abovel.2
v/ &
Jwev, the condition £7/:, T 8o /2 % 1 is violated. In addition, the s-wave
scattering amplitudes in the 5/2 channel are still undergoing resonant
behavior, and the strength of this s~wave resonance as measured by
the quantity T /I increases with increasing values of the rvatio r/r
B o3
for the p-wave state. I Doth p-wave and g-wave resonances exist at
this energy, it is difficult to explain the angular distributions of both
10 1 + w0 o B : ”
the 1" (p,y)C 1 and B" {p, i;:.‘_o).'ti-:a reaction producte.
. s bk y £ o % 4
fince the lavel structure in € is not siimplified by the assump«

S
tion of 2 pewave resonance in this energy region, the J = 5/2" assign-

ment for the state is to Lie preferred.
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3. FProton Sombarding Energy 1. 3< EP < 1.5 Mev

Pecause the pure s-wave analysis breaks down at energies above
1. 29 Mev, it is necessary to assume that events of zreater complexity
are occurring in this energy region. In addition, if it is aspumed that
the states at 1. 15 andr 1. 53 Mev are both formed by s-wave protons, it is
also neceasary to find a reason for the peaking of the odd powers of cos &
at a bombarding energy of 1. 36 Mev in the cogular distributions of alpha
particles from the reaction Blo(p. ao)}'}e?. One possible solution is the
introduction of a p-wave state near 1. 36 Mev. Using an inte rmediate
coupling model, Kurath (32) predicts the existence of five normal (nega-
tive) parity stateo in Cu between excitation energies of £. 0 and 12. 0 Mev
with angular momentum values J =1/2, 3/2, 5/2, 7/2, 3/2. Because
of these many posd bilities and the number of variable parameters associ=
ated with them, it was not possible to obtain 2 definitive analysis of the
data. However, assuminz a J© = 3/2" state at a proton bombarding
cnergy of 1. 36 Mev, with a total width of 200 kev and a ratio T;,‘P/I‘ = 0. &,
the analysis could be satisfactorily extended to an energy of 1. 49 Mev.
(figs. 24, 25). The primary conclusion that can be drawn from the
analysis is that the scattering angular distributions cannot be explained
with the assurnption of only one atate near 1l 15 Mev. Either more states

must be added, or some background other than s-wave considered.

4. Proton Bombarding Energies 1. 5< Ep <1l 9 Mev
Since the elastic scattering shows an anomaly near 1. 5 Mev at
all angles, it is attractive to retain the hypothesis derived from the

} % o
j‘x‘:’:‘n(p. a)Re7 experiment that this is a positive parity state with J = (/2
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formed by s-wave and d-wave protons. A pure s-wave gcattering
analysis is not sufficient to explain the observed scattering angular
distributions. Inclusion of d-wave scattering parameters for the
formation of the state is probably necessary since the alpha particle
angular distributions indicate a d-wave partial proton width of about
18% of the s-wave width. Because of the necessity of introducing higher
than s-wave angular momentum protons it was not possible to draw
guantitative conclusions concerning the resonant parameters of the
state. (ualitatively, the s-wave analysis indicates that the scattering
parameters are undergoing resronant behavior and that the ratio .‘;{ﬁD/’I“
is large, not in disagreement with a value of I;""p/'I‘ = (. 64 oﬁtaizled

from the alpha particle excitation functions.

5. Proton Bombarding Energy Ep > 1.9 Mev

At an energy of approximately 2.1 Mev there is an anomaly which
is large at backward scattering angles and which disappears at 90°,
This indicates that the state is formed by p-wave protong. Decause of
the size of the cross section at the peak of the anomaly, the spin of the
state can be limited to values of J > 5/2. This leaves possible J values -
of 7/2 and 9/2, either of which is possible according to the theoretical
predictions of Kurath., From detailed {fitting at the peak of the anomaly,
if only s-wave background is considered, it was found that a J“¥ 7/27
assignment produces the best agreement with experiment. The best
values of the p-wave {fitting parameters were found to be: Er_= 2.060
Nev, " = 400 kev, and ;“’p/l" = 1, with formation of the state occurring

entirely through the 7/2 channel {i. e. OEI/Z 7/2= 1). This state may thus



correspond to the previously reported state at an excitation ofllﬂ. 69
}ev, although this would indicate an error of roughly 100 kev in resonant
energy.

Using the above values of the p-wave resonant parameters,
reasonable fits to the angular distributions can be ciained for an
energy interval of 100 kev either sgide of the peak in the excitation curve
{figs. 32-38). If the analysis is extended over a wider energy range,
tiae s-wave scattering parameters again behave unreasonably. This
may be due to non-s-wave background which will contribute relatively
more to the cross section where the yield due to the p~wavé state is
small.

If the analysis of the state at 2. 060 Mev is valid, the s-wave
amplitudes indicate the proesence of an s-wave 3= 7/2+ level at some
higher energy. This may be due to the previously reported level at an
excitation of 10, 89 iev. Because the analysis cannot be extended over
a wide energy interval, and because the s-wave scattering amplitudes
cannot be determined accurately near 2.1 Mev where a major portion
of the cross section is due to the p-wave state, it was not possible to
obtain values for the resonant paraineters of this state.

At bombarding proton energies above 2.3 Mev it was not possible
tc.) analyze the angular distributions with only s-wave scattering. ISe-
cause little is known about the nature of the states in this energy region,

greater complexity in the analysis was not considered.

4

6. Conclusions

Before definitive results can be obtained froin the analysis of the
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scattering dates, more experiments on the proton inducec reactions will
have to be performed in order to eliminate some of the possibilities for
spin and parity assignments for states in Cu. Of primary importance
is a more complete measure:ment of the ground state gamma angular
di.stributions at energies from 0.90 Mev to 1. 5 Mev. A search for a
cos 8 dependence should be made in this energy interval and if found,
this dependence should be determined as a function of energy. The
posseibility of determining the existence of p-wave states in this region,
nammely at 1.15 iiev and 1, 3¢ Mev and determining possible aseignments
for these states should be enhanced through this _experiment..

Another experiment of great interest would be the continuation
of the Bloip. a}'Be7 excitation functions to higher energies to look for a
possible alpha decay from the state at 2. 050 Rev. If sucha tr;:msition
is observed, it should be possible to choose between the J = 7/2 and
J = 9/2 assignments, since if the state is J" = 7/2" the decay will
proceed through d-wave alpha particles, whereas if the assignment is
9/27, g-wave decay is vrequired.

“With or without these additional experiments it will be necessary
to perform a more comprehensive analysis of the scattering, considering
the possibilities of p~wave potential scattering and d-wave resonant
scattering. DBecause of the additional complexity introduced with these

assumptions, it will probably be necessary to perform these computations

on an electronic computer before definitive results can be obtained.



SPECTROMETER ANGLE CALIBRATION

Ve ghall Eonsider a special case of scattering geometry where
the incident beam lies in a horizontal plane. The angle S-L that the
scattered beam makes with respect to the incident beam direction can
be defined in terms of the projection ¢ of the scattering angle in the
horizontal plane and the angle ( that the scattered beam makes with
the horizontal plane. As a function of ¢ and {, the scattering angle

is given by
cos 8, =cos i cos {14}

For the conversion of reaction yield measurements into cross
section it is necessary to ‘-‘.:now the angle 61 between the incident beamn
»amd the normal to the target surface and the angle 92 between the
acattereci beam and the target normal. In particular, it is convenient
te derive a condition such that 91 equals 82 . This condition can be

expressed in terms of ? and Y as:

Binz" cosztk
g 2 (24)

Z 2
cos 6, = cos © ‘
1 2~ 1+ 2cosgcost+ cos”y

Methods of determining ¢ and ¢ are mentioned in the text. The
scattered beam is required to pass through a small circular aperture
lwhose position is known relative to the direction of the incident beam.
This position is measured in terms of the angle ¢ and the height h of
the aperture relative to the incident beam. The acattex;ing yields N

measured through this aperture should be corrected for the efiecis con-
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sidered below.

1. Variation of the Solid Angle Subtended by the Aperture at the Target
Because the height of the aperture is varied, the soiid angle

sﬁbtended by the aperture at the target varies due to changes in the

‘effective area of the opening as seen from the target and changes in the

distance from the aperture to the target. The effective area .r“:eh. of

the opening is given by:

wa r (3A)

- o
Aeff“ wa cos &= (—m”; ' s

r

where r is the horizontal distance from the aperture to the target and
e is the diameter of the aperture. The solid angle subtended by the
opening at the target is

wazr ‘ '

VT (44A)

{r~+h"}
If all other factors are equal, the scattering yield will be proportional
to this solid angle. The variation in yield due to variations in solid angle

is obtained by difierentiation with respect to h and is given by:

—

kT4 N - Z e
r +h

;-_ J "'\ - A
&.,‘_ N _ -3héAh (54)

For the 8" spectrometer this effect contributed a correction of approxi-

mately 5’ in scattering yield.



2. Variation of Scattering Yield Due to the Angular Dependence of the
Scattering Cross Section
The expression for the thick target yield can be obtained from

equation 1l ag:

i ' #oa '
- 20 ‘d{f}d.?a
= K cos 91 (64)
{ = T ? T
V€ 410)_1 + C(EZO) ---—-6‘——;08 > )

By differentiating this expression with. respect to BL' the correction

to the scattering yield can be obtained. . If a heavy target nucleus is used
for these measuremente, veveral approximations can be made to facili-
tate the evaluation of this derivative. The scattering crose section can
be assumed to exhibit an angular dependence giveu by the Rutherford
cross section

deo & 9

c 2
L {74}

In addition, the following approximations are valid:

= A
1. Gc = GL- {8.4)
2. e(Em) = e(.-’l':,ﬂ} = ¢constant - (94}
3. a=1; £a/80, <<1 : o {10A4A)

If the calibration is carried out near a scattering angle of ninety degrees

and 91 is taken appre:sxizﬁately equal to 8., these further approxima-

Zl
tions are valid:

1. @, =8, =45° (1LA)

2. d/d@z = - d/de, {(1zA)
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For the calibration of the &" spectrometer, the target orientation was
held fixed relative to the incident beam direction and (-)1 was therefore
a constant. Yhen these approximations are employed, the logarithmic

derivative of N becomes:

- = - 2 cot 4 % ' (13.£)

After these corrections have been made, the particle collection
eificiencyas a function of position on the magnet entrance aperture is
obtained. The geometric center of the entrance aperture was taken as
determining the mean angles ‘\;30 and ¢° which were used to calculate
the scattering angle given iy equation l&. The accuracy placed on this

calibration was 21/2°,
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FIGURE 49
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FIGURE 50
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FIGURE 52
8'9p,,)C"  EXCITATION FUNGTION
. AND BARFIER FENETRATION EFFECTS
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