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ABSTRACT

Fifteen angular distributions and three excitation curves
for the reaction Beg(p, p) have been run in the energy region be-
tween 200-3000 kev, Measurements of Beg(p, d) and Beg(p, a)
were made at 333 kev and near 470 kev, This data has been
analyzed and fitted in terms of the following states in Bl-o; an
s-wave J = 1~ state near 330 kev; a p-wave J = 2+ state near
+

980 kev; an s~wave J = 2~ state near 998 kev; a p-wé.ve J=0

state near 1084 kev; and an s-wave J = 2~ state near 1330 kev,
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I, INTRODUCTION

As part of the general inquiry into the structure of nuclei
and the nature of nuclear forces, a vast amount of experimental
and theoretical data has been compiled on the energy levels of
light nuclei, (1) By analogy to the historic development of modern
quantum mechanics from a study of atomic energy levels, sucha

compilation and cataloging of the properties of nuclear levels might
be hoped to yield some orderliness, whose discovery would be a
step forward in the understanding of the nucleus, While experi-
mental knowledge of the energy levels of light nuclei is far from
complete;, indications of certain types of orderliness e‘Llready exist,
Hence, before discussing the experimental and theoretical catalog-
ing of those states in B10 with excitation energies between 6, 78
and 8,21 mev, it might be worthwhile to review two types of order-~
liness discovered as a result of an inquiry into the energy levels

of light nuclei,

Given an energy level in any light nucleus; it is found in
regions where a sufficient amount of experimental data is available,
that if corrections are made to the energy of the given level for the
Coulomb potential and neutron-proton mass difference, there is a
one-to-one correlation between the existence and properties of
this given level and a corresponding state in any isobar of the par-
ticular nucleus under consideration, if the Pauli exclusion principle
does not forbid the formation of the state in the isobar, The exist-
ence of such groups of isobaric spin levels (commonly called iso-~

topic spin multiplets) argues strongly in favor of the charge
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independence of nuclear forces,

A second indication of orderliness in nuclear energy level
schemes comes from the work of Lane, Elliott, and Flowers, () who
are able to deduce theoretically the properties of even parity excited
states of p-shell nuclei from the intermediate coupling extension of
the single particle nuclear model, a model in which each nucleon
moves in an average potential caused by the net effects lof all neigh-
boring nucleons,

What are the properties of an excited state that such a theory
or a good experiment should disclose? The most obvious properties
are the existence of the level and its excitation energy. Other prop-
erties are its total angular momentum, parity, total width or half
life, partial widths or probabilities for various modes of decay,
relative orbital angular momentum of the particles forming the
state or into which the state decays, and isotopic spin. fhe analysis
of the variation with energy and scattering angle of the cross-section
for some particular reaction that forms the state of interest in the
compound or final nucleus is expected to yield information about
some or all of the properties listed above,

When Be9

is bombarded by protons of energies between 200
and 1800 kev, the compound nucleus B10 is formed in a region of
excitation from 6,78 to 8,21 mev, (See fig, 1, the energy level

diagram of the states of B10

e From previous work, five energy
levels, correponding to incident protons of energies 330, 490, 670,

995, and 1085 kev, have been postulated in this energy region,
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A brief resume of the information available on the properties of

these states at the time the present experiments were undertaken

will serve to justify the further investigation reported in this paper,
In the energy region under discussion, the compound nucleus

B10 can break up in any of the five following ways:

\

sk
10 ——>Be9+p

10 BlO +

B

B

BIO* —-»Li6 +a
Blo*—-—pLié* ta
B

*
10 —-—>B68+d

For incident protons near 330 kev, all of the above reaction pro-
ducts except the alpha groups leaving Li6 in an excited state had
been more or less studied, and anomalies in the cross~sections
corresponding to the 6, 89 mev state in Blo had been repoi'ted. The
existence of alpha and deuteron groups labeled this level as an iso-
topic spin zero state, since Be8_, d, a, and Li6 all have isotopic
spins zero, Because of the relatively great width of the state,

(/7 = 175 kev which makes ¥ 2 > 30%o0 of the single particle limit)
and because the angular distribution of the capture gamma rays
was found to be isotropic, the formation of the state was attributed

9

to s-wave protons. Since the ground state of Be’ has spin 3/2,
odd parity, and the proton has spin 3, even parity, s-wave protons
can form states in B10 of odd parity with total angular momentum

of 1 or 2, The relative intensities of capture gamma rays to the

ground, 0,72, 1,74, and 2,15 mev states of B10 were more
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consistent with a spin 1 assignment, However, this assignment
was not without difficulties, the primary one being that the gamma
ray transitions to the 0,72 and 2,15 mev states were then electric
dipole between two isotopic spin zero states, Such a transition is
highly forbidden by isotopic spin selection rules. (3) The extent of
its presence in this particular case indicated an isotopic spin im-
purity of 0,4, the largest impurity of any known state in light
nuclei,

The total cross-section for Beg(p, d) was found to exhibit
a peak near 470 kev, indicating the possibility of a resonance level
in B 10 at 7,01 mev, A corresponding peak in Beg(p,Y } héd been
both confirmed and denied by various investigators, Since, the
Beg(p, p) and Beg(p, a) reactions showed little or no anomaly in
this region, the question of the existence of a level near 490 kev
was unanswered,

The status of the 667 kev level was very similar to that of
the 490 kev state., Small anomalies were reported at this energy
in the reactions Beg(p, a)s Beg(p, d), and Beg(p,’{ ) No analysis of
this data had been attempted,

The resonance at 997 kev showed itself in the production of
elastic protons, deuterons, gamma rays, and alpha particles to
the ground state of Li6. The near isotropy of the gamma radia-
tion along with the large width of the state ("(2 = 3 percent of the
single particle limit) suggested dominant s-wave formation with
some d-wave contribution, Analysis of elastic scattering excita-

tion data at two angles led to a spin assignment of 2, However,
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this analysis is now known to be quite poor in view of a broad reso-
nance near 1330 kev discovered in the course of the present experi-
ment, The tail from this resonance extends into the 1 mev region
and most certainly affects the shape of the anomaly near 997 kev,
a fact not accounted for in the previous work,

Difficulties also existed in the isotopic spin assignment of
the 997 kev state, Studies of the angular correlation of internal
conversion pairs from the ground state capture radiation indicated
large and nearly equal contributions of El and either E 3 or M2
transitions, The large El contribution indicated that the state has
isotopic spin 1, since 0 — 0 isotopic spin electric dipole transitions
are forbidden, as previously pointed out, This isotopic spin assign-
ment is in conflict with the fact that the state produces both alphas
and deuterons, a fact requiring isotopic spin zero, The reasons
for an E3 contribution 103 times greater than that predictéd by
the single particle model in the ground state transition and the ab-
sence of a gamma transition to the 0, 72 mev state in B}‘0 also were
not understood,

The narrow 1,085 mev resonance exhibited itself in Beq(p, P)
and Beg(p, ()e Its absence in the deuteron and alpha producing re-
actions indicated that the state either had isotopic spin 1, or total
angular momentum 0, even parity, The latter combination prohibits
breakup into states with spin and parity O+(Be8 or a) and 1+(d or Li6)
by conservation of total angular momentum and parity, The small-
ness of the anomaly in the elastic scattering indicated a total angu-

lar momentum for the state of zero, since the magnitude of the
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anomaly increases with increasing J, A zero spin assignment was
also consistent with known information on the gamma decay scheme,
The region between 1,1 and 2,5 mev had not been surveyed
in details This fact, along with the discrepancies in assignments
from earlier data discussed above, led to the inquiry reported in

the present paper.,
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II, EXPERIMENTAL APPARATUS

l.. General discussion

A schematic representation of the experimental arrangement
is given in fig, 2A, Protons are accelerated in a 1.8 Mv electro-
static generator which was constructed in 1938(4) and partially re-
built in 1946 and 1952(5). Upon emergence from the accelerator,
the proton beam is separated into its H+, HH+, and HHH+ compon-
ents by means of a crossfield magnet, the desired component enter-
ing an 80° electrostatic analyzer, while the other components are
blocked out by a slit system, The electrostatic analyzer is similar

(6)

in design to that described by Fowler, et a » the plates having
been built to a tolerance of one part in a thousand with a radius of
curvature of one meter, The size of the entrance and exit slits of
the analyzer determines its energy resolution (E/G E, where OE
is the spread in energy of particles traversing the analyzer) which,
for the usual slit widths of about 2mm, is around 500,

Upon emergence from the electrostatic analyzer and before
entering the target chamber, the proton beam passes through hori-
zontal and vertical slit systems which, in addition to collimating
the beam, supply error signals to feedback systems that control
the accelerating voltage and crossfield magnet strength, reSpec-;
tively,

After reaction, the emergent particles are analyzed by a
high resolution double focussing magnetic 5pectrometer(7) which

is mounted to allow a continuously variable scattering angle from

0 to 160 degrees with respect to the incident beam direction(g)..
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This variation is made possible by requiring the incident and emer-
gent beams to lie respectively 10° above and below the horizontal
plane, as indicated in fig, 2B,

Particles of the proper momentum emerge from the bottom
of the magnet through an exit slit whose width determines the mo-
mentum resolution of the magnetic analyzer, During the present
.experiment a . 1294 inch wide slit, corresponding to a momentum
resolution (GEP » where OP is the spread in momentum of the
particles getting through the exit slit) of 293 was used,

The resultant analyzed particles are then counted by means
of a ,008 inch thick cesium iodide, thallium activated, scintillation
crystal, backed by a DuMont 6291 photomultiplier, standard pre-
amplifier, amplifier and scaling circuits, |

The beam is moved on and off the target at the beginning
and ending of each experimental run by means of a magnef acti-
vated by a current integrator that fires after a known amount of
charge has been collecteds The beam current discharges a capaci~
tor whose change in voltage is fed to the grid of the normally cut
off first stage of a high gain amplifier, The output of this ampli-
fier activates a series of relays that turn on the magnet and shut

off the scalars when the capacitor has been discharged, 9)

2, The electrostatic analyzer energy calibration
The equation obeyed by a particle of charge Ze, rest mass
M, and velocity v, traveling in a circular equilibrium orbit of
r
1

radius r in the presence of a radial electric field E = }Yﬁnr— s
-T2
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where ry and r, are the radii of the analyzer plates, V, the differ=~

ence of potential between the plates, is

ZeV/inf_l_z Mv> (1)
T T2 rYf1-vic?

The kinetic energy, EIO’ of such a particle is given by

= Mc? [— - 1) (2)

E ——7 L
' (1-v“/c7)2

10
Combining equations 1 and 2 gives

=1
3

r
E = 28V |, 1
IO“TE’nr—Z_J

(1+ EIO/MCZ)

2
(1+ Elo/ch )

-1
r, E
ZeV 1: 10
- ,g,n_',[]_ + t ees _! 3
[ T2l Z.M(:2 (3)

A small fraction of the potential difference V across the analyzer
plates is fed into a potentiometer whose reading, Epot’ is then re-

lated to the particle energy by

E
E = ZC IE [(1+ 10/2M2'°°) (4)

10 Po

The constant, Cpot is determined by consideration of a nu-
clear gamma ray resonance of known energy, If a thin target of
thickness T in suitable energy units is bombarded by protons of
energy near a narrow gamma ray resonance, the proton energy

E1 corresponding to the peak of the gamma yield is given by (10)

E1=ER+T/Z (5)
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where ER is the gamma ray resonance energy.

In general, El differs from ElO for two reasons, First,
the target itself is raised to potential VT(N 300 volts} with respect
to the equilibrium orbit of the analyzer in order to retard the es-
cape of electrons knocked from the target by the incident beaﬁ.
Secondly, small surface contamination layers that may be present
on the target degrade the incident beam energy by a sméll amount,

AE Thus

ll

E o= E; + AE] + ZeV (6)

Combining 4, 5 and 6 gives

E T/24+AE_ +ZeV E
Coot =7 [t —p—T - —— ] (7)
P pot R 2ZMc

Some methods of measuring AE, are given in Part 4 of Se.ction 117,

The electrostatic analyzer had been calibrated in the past by
observing the many resonances in the reaction Flg(p,T). As a re-
sult of comparisons between the 873, 5 and the (then) 1381 kev
resonances, it was concluded that the calibration constant, cpot’
was a function of energy to the extent of 7 parts in 1000 over the
range from 600 to 1400 kev., As a first step in the analyzer cali-
bration at the outset of the present experiment, it was decided to
check the validity of this conclusion,

Since the HH' molecules in the incident beam break up into

two atoms upon striking the target, a beam of particles of some

energy E can be obtained directly by using the mass one beam,
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or indirectly by using the mass two beam at an accelerating energy
of 2E. By this method, the electrostatic analyzer calibration con-
stants obtained at energies E and 2E can be compared, This pro-
cedure was carried out at the 669 and 873, 5 kev resonances on a
2,4 kev (At 'EIO = 873.5 kev) fluorine target evaporated on a copper
backing, The results, shown in fig. 3, indicate a variation in the
calibration constant of 2 parts in 1000 between energieslof 670 and
1740 kev, This variation being of the same order as that observed
in a series of calibrations at the same energy, (see fig, 4) it is
assumed that the electrostatic analyzer calibration con;tant is in-
dependent of energy, This conclusion, along with the calibration
constants determined from the data of fig, 3, requires the former
1381 kev level to lie at 1373 keve Later comparison of this reso-
nance with the Li7(p, n) threshold by Dr, C. A. Barnes has estab-
lished its energy as 1372 kev, |

Periodically during the course of the present éxperiment,
the electrostatic analyzer calibration has been rechecked, A sum-
mary of this rdata is given in fig. 4. The best value of the constant
Cpot was , 10075 + . 00010 during the course of the experiment,
Following the completion of the present experiments, the electro-
static analyzer was dismantled and reassembled, éausing the

calibration constant to decrease somewhat,

3. The magnetic spectrometer energy calibration
The momentum P of a particle of charge Ze and rest mass

M traveling in a circular equilibrium orbit of radius r under the



-12-
influence of a magnetic field B is
Pc = ZeBr {8)

The energy Eso of such a particle is given by

EZO = /chz + (Mcz)2 -Mcz
P/
=Mc2[/(—zl\:—]32£)+l - 1] | (9)
c .
{(ZeBr) [1 _(ZeBr) + 1
2M 2 ZMc

Thus, in order to measure the energy of a particle traversing the

magnetic spectrometer, it is necessary to measure onl‘y the mag-

netic field B that affects the particle, In practice, such a procedure

is difficult, ;—Iowever, it was found at the time of construction of

the magnet that the external stray field, Bo’ was proportional to

the field B in the equilibrium orbit, (8) It is this external field,

Bo' that is measured by means of a fluxmeter apparatus of the fol-

lowing type. (5)
A currenf I passes through a coil placed in the field B, and

I is adjusted to produce a constant torque on the coil, Hence,

when in adjustment,
BOI = constant (10)

Since Bo is proportional to B, equation 9 becomes

2 K E
Z Sp 20
B = 2 1«22 +.00) (11)
20 =M 2 2Mc?

where Ksp, the magnetic spectrometer calibration constantistobede-

termined, and Iis measured by means of a potentiometer device.
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In practice, Ksp is determined from the energy position of
the elastically scattered protons from a thick copper target, If
the yield of resultant particles is plotted as a function of the flux-
meter current I, momentum profiles of the type shown in fige 5
are obtained, The midpoint in the rise of the profile gives the I
value corresponding to the energy of resultant protons scattered
from the surface layer of the target,

This energy }53.2 can be determined from the electrostatic
analyzer calibration and the laws of conservation of energy and

momentum, since

E, = aE, . (12)

E | may be obtained from equations 4, 6, and 7, and a is given,
in the general case of particle 1 incident on particle 0, producing

particles 2 and 3, by

[

E, 3 1 (M M, )2 M, o M;3-M; MlMZ
- 2
(Ei =a .—- ————M2+M3 cos6+ [T_"Q)E +M2+M3+(M N )acos 0](13)

In general, E, differs from E,, because of a surface con-
tamination layer of thickness AEI to protons of energy El’ and be-

cause the target is raised to potential V,_,, Hence

T
°2 | (14)
EZO '—'*-E2 - -e—l E1 + ZeVT

where g, and g, are the stopping cross-sections for protons of

1

energies E,, and E,, in the contamination layer. Combining equa-

tions 11, 12, and 14 gives
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Mal? (E2+81a) AR eV

K ———Z—E 1- (1-a) ?
sp 0{ g0 E +

10 a

LA (15)
10

E

where I is now the fluxmeter current corresponding to the midpoint
in the rise of the momentum profile,

The energy calibration of the magnetic spectrometer was
repeated at regular intervals during the course of the experiiment.
To verify the constancy of Ksp with resultant particle energy and
scattering angle, the many calibrations are plotted in fig, 6, This
data indicates that the calibration constant, Ksp’ is independent of
both scattering angle and resultant particle energy to better than 1
part in 600 over the entire range of energies and angles used in

the present experiment,

4, The magnetic spectrometer effective solid angle calibration

In principle there are two ways that an absolute cross—‘section
can be detefmined. The first of these is to measure accurately all
guantities that enter into the determination of the cross-section,
This involves measuring current integrator capacitors and firing
voltages, counter efficiencies, and the acceptance solid angle and
resolution of the magnetic spectrometer, Since some of these
quantities are difficult to determine, and since other uncertain-
ties, such as the possible energy or angular variations of these
quantities would, if not accounted for, give rise to appreciable
errors in the determination of absolute cross-sections, a second
method of measuring absolute cross-sections has been adopted in

this experiment,
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This method involves the comparison of the given cross-
section to the assumed Coulomb cross-section for the elastic
scattering of protons by copper. That is, approximate values
of all quantities listed above, except the acceptance solid angle
of the magnetic spectrometer, are assumed, From the yield of
elastically scattered protons by copper, an effective acceptance
solid angle is calculated by assuming the elastic scattering fol-
lows the well-known Coulomb law, This effective acceptance
solid angle is then used in the calculation of the absolute cross-
section of interest,

It was known at the outset of this experiment that the ef-
fective acceptance solid angle decreased by 7% at the largest
scattering angles, This effect was thought to be caused by the
large stray fields of the magnetic spectrometer warping the
paths of the incident and resultant beams at the large scattering
angles, since the spectrometer is in closest proxirnity to the
electrostatic analyzer in this position. Movements of the inci-
dent beam in the target chamber or the resultant beam in the
exit slits of the magnetic spectrometer were easily visible as
the magnetic spectrometer was rotated. For this reason, a large
piece of iron that comprised part of the target chamber was
removed and an additio‘nal length of small diameter iron tubing,
through which the incident beam passes, was added to the tubing
already present, A light pipe system was also constructed at
the exit slits of the magnetic spectrometer to guarantee that

the resultant beam hit the scintillation crystal regardless of
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the relative beam position when traversing the exit slit, These
improvements, along with the procurement of improved copper
targets (See Part 7 of Section III) have reduced the variation of
effective acceptance angle with scattering angle to about 3% (See
fige 7)s A summary of the effective acceptance solid angle mea-
surements during the course of the present experiment is given
in fig, 8. It should be emphasized that this variation of the ef-
.fective acceptance solid angle is that for the elastic scattering
of protons from copper, The application of such a vafiation to
the products of proton bombardment of beryllium is an approxi-
mation, since -EE-:-E » hence the stray magnetic field for e;, given
incident particle energy is different in the two cases,

The variation of the effective acceptance solid angle with
the incident beam position in the target chamber was checked
after the iron target chamber piece was replaced and exit slit
light pipe system inserted, There was no variation in the ef-
fective acceptance solid angle with vertical beam position over
a range of four millimeters. The variation with horizontal beam
position is shown in fig, 9. Since the beam position can be re=~
produced to about 0, 2 millimeters and since the variation of the
uncorrected beam position with scattering angle is of the order
of one millimeter, a very small error is introduced as a result
of the shifting beam, provided that the target is uniform,

The average forward angle effective acceptance solid

angle measured during the course of the experiment was

QL = 3,10 x 1073 steradians,
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5, Particle detection equipment

In thick target studies of protons elastically scattered from
beryllium, a background yield of deuteron and alpha reaction pro-
ducts is always present, Since this background yield produces
voltage pulses somewhat smaller than those produced by elasti-
cally scattered protonsv when st10pping in scintillating material, it
was decided to improve the detection equipment in order to>bias
out this background yield, The former detection equipment, zinc
sulfide scintillating powder dusted on a 1P21 photomultiplier tube,
was replaced by a cesium iodide, thallium activated crystal,
backed by a 6291 photomultiplier,

Typical integral bias curves with the new detection equip-
ment are shown in fig, 10, Introduction of the new detection
equipment reduced the background yield, as determined by the
number of counts at the foot of a momentum profile, from an

average of about 8% to 3% of the elastic proton yield,
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III. EXPERIMENTAL ‘TECHNIQUES
1. Determination of cross-sections from thick target data

If charged particles of energy E10 are incident on a thick _
target, the momentum profile plot of the number of resultant» par-
ticles versus their momentum displays a sharp step at a momentum
corresponding to the energy QEIO’ where a is given by equation 13,
This step corresponds to resultant particles produced in the surface
layer of the target., At resultant particle energies less than CROPP
the observed particles are those which are produced in a layer
beneath the surface and which have suffered energy losses in pass-
ing through the target material before and after reacting, T ypical
momentum profiles are shown in fig, 5, When using thick target
techniques, the yield at the peak of the momentum profile is ob-
tained and converted into a cross-section in the following way,

By definition, do/dfl, the differential cross-section per
unit solid angle in the laboratory system for the reaction produc-
ing NR
through solid angle 'QL at laboratory angle QL when NB incident

resultant particles that enter the magnetic spectrometer

particles bombard a region of a target of thickness t parallel to
the incident beam and containing n disintegrable nuclei per unit
volume, is

N
N.{l. nt

do /dfl = =
B L

(16)

The number of bombarding particles corresponding to NR counts

is given by

2
u
B

(17)

=
N
o
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where C is the capacitance of a current integrator capacitor, V, its
firing voltage, and Ze is the charge on the incident particle. T he
effective acceptance solid angle ﬂL is discussed in Part 4 Qf Sec-
tion II. T hus, it remains only to determine the target thickness t
within which NR resultant particles at any one setting on the plateau
of the resultant particle momentum profile are produced, in order
to obtain the differential cross-section in the laboratory system.

Since the magnetic spectrometer passes all particles in
the energy interval —?-Z-E—— about some energy E,n, and since, on
the average, a given energy less than aElo corresponds to a given
depth in the target at which the resultant particle is produced, an
energy spread in the resultant analyzed and counted particles cor-
responds to a region in the target in which these particles are pro-
duced,

For the quantitative relationship between the energy spread-
ofvresultant particles and the thickness t of the regipn in which
they are produced, reference is made to the geometrsr of the bom-
barding process illustrated in fig, 11B. In the following derivations,
it is assumed that the thick target is homogeneous aﬁd presents a
smooth surface to the incident particles entering the target at angle
OT and emerging at angle Q,'I. with respect to the target normal, If

AEX is the energy lost by particles in traversing a distance x in

the target, from fig, 11B,

oK,

OFE - AEt+ AE

20 T BE; (18)

b
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where
JE
2 da
SE| a+ E, BE; (19)

The second term in the above equation is zero in the case of elastic

scattering, as is seen from equation 13, Since

dE dE cos0

- 1 2 - T
and
dE _
~LH = N, e(E) (21)

where Ng is the number of stopping atoms per unit volume, and g (E)
is the stopping cross-section for particles of energy E in the target

material, equations 18 through 21 can be combined to give

. °E20 |
: r Ok, cosOT‘j (22)

Ns ie(EIO) aEl + 8(EZO) cosGT’J

The energy spread of particles passed by the magnetic spectrometer

is given by

20

6E20

-

[N

L =1r 2
2 = (23)

The momentum resolution R of the magnetic spectrometer is calcu-

lated from first order theory to be

T
0]

R = 2 (14M) 5= (24)

where M is the magnification (0, 8 in the present case), T, the

equilibrium radius (10, 5 inches), and 0§ r the width of the magnetic
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spectrometer exit slits (. 1294 inches). Combining equations 16,

17, 22, and 23 gives,

r oE, cosOT -1
R !'e(E.,) + e(E,q) ‘
NS ZeNR lL 10 8El 20 cos@T' |
do/dN = v {25)
20l. E
L 20

To determine the differential cross-section in the center-of-mass
system, the above laboratory cross-section need be multiplied
only by the ratio of the 1abora.tory to center-of-mass solid angle

which is

L2 .2
QL-/I—X sin®0 e
Tom 2 .
J

M »{?szsinZOL + X cos 0

where, for the general case of particle 1 incident on particle O,

producing particles 2 and 3

-
X% s MZ/ [1 + ___(M°+M1) Q. : (27)
MM, M, E

and E, is the actual reaction energy, determined as follows,

From fig., 11B,

Ey = Ejg - 8Epco
T
aEZ
Eoo = [EIO - AE.{isec QT] OE, - AE, sec OII.
(28)
AE.Esec gT = £ sec OT N e(Elo)
ey 4
AE,l?,sec O,'I, = dsec QT Ng e{Epq)

Solving these equations for E, and £ yields,
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e (EZO) cosOT

E, .+ E
20 ‘a (EIOW cosO,!I. 10
E = (29)
1 aEz . g (EZO) cos OT
5E1 3 (EIO) cos OTﬁ
and
SEZ
(3 Fro-F20)
L = 1 cos O (30)
3E2 +a (EZO) cosGT Nse (EIO)
-5E_1 g (E ) cosor,

The center-of-mass scattering angle gCM is obtained from

the laboratory scattering angle OL from the equation,

sin (0, - 0;) = X sin @ | (31)

For purposes of simplifying later theoretical calculations
based on the present data, ratios of the measured elastic scattering

cross-section to the calculated Coulomb cross-section are plotted.

The Coulomb cross-section is given by

2
r
do 7.2 M_+M 0
R t™~170 o 1 2 CM -3 barns
S = 1,296 l_ E ( M } csc ‘”Z—] x 10 steradian
. 02562 4 OcM  barns 9
= TR 2 csc 2 steradian °F Be (ps P)
1

(32)

where El’ Ml’ and Z1 are the reaction energy in mev in the labora-

tory system, wmass, and charge of the incident particle, and Zo and
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M are the charge and mass of the target nucleus,

In the previous equations, the stopping cross-section for
particles of the incident beam energy has been inserted in place of
the correct stopping cross-section averaged between the incident
and reaction energies, Similarly, the stopping cross-section of
emergent energy particles rather than an average between the re-
‘action and emergent energies, has been used., That these approxi-
mations introduce negligible errors can be seen by writing the ap-

proximate equation for the stopping cross-section

e(E) = aE"° | (33)

where b is roughly 0,5 experimentally for E greater than a few

hundred kev. From the above equation,
e (34)

and since %E is of the order of 10/0 during the beam traversal be-
fore or after reaction, the fractional change in the stopping cross-
section is of the order of -é—olo and the fractional difference between
the stopping cross-sections for the incident and average energy
particles is about 1/4%o. Furthermore, ¢ (El{)) is smaller than

the correct value and ¢ (EZO.) is larger, both by about 1/4%o. Thus,
there is a further cancellation of errors and the resultant error in
the experimental cross-section due to the choice of energies at

which the stopping cross-section is evaluated is certainly negli-

gible,
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2, Thick target techniques

The position on the momentum profile at which data is re-
corded, hence the depth in the target at which the reaction occurs,
can be adjusted by varying the quantity (aElO - EZO)’ as can be
seen from equation 30, In running angular distributions (Cross-
section versus scattering angle curves) or excitation curves (Cross-
.section versus reaction energy curves) the first step is to run a
momentum profile at some angle and .energy in order to determine

a value for the following constant K in the expression

oE -E,,=K EZO S (35)

10 20

From equations 4, 11, and 35, the relation between the electrostatic

analyzer and magnetic spectrometer settings is then,

(1tK) K__Z
E I _=_.__.__S.£_

36
pot : MC (36)

pot ¢
If the following constant K is too small, data is obtained from the
sloping front of the momentum profile and the full yield is not ob-
tained, If .K is too large, the incident particles must penetrate a
great depth in the target before reacting. Thus, the straggling
that arises from the fact that the energy loss of particles in matter
is a statistical phenomenon becomes important, and the detailed
structure of the profile is lost, In the present experiment, the fol-
lowing constant varied between 0,01 and 0,02 depending on the
incident particle energy.

After making an appropriate choice of K, equation 36 can

be used to obtain the magnetic spectrometer setting as a function
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of the electrostatic analyzer setting, and a whole series of thick
target experimental yields may be determined without running mo-
mentum profiles at each point. It was in this fashion that the ex-
citation curves of figs, 12 and 13 were obtained.

When running angular distributions; an additional condition
is that the reaction energy E; of equation 29 remains constant dur-
ing a series of variable angle measurements, This cdndition,
along with the requirement of constant following depth expressed

in equation 36, provides two equations in the two unknowns E

pot
and I, which may be solved to yield
BEZ . e(EZO) cos OT—’
E 9E- e(E,.) cos¥; J
E _ 1 1 10 (37)
pot Cpot oK, (EZO) cos OT
]E ) cos ﬁ’ 'Z(I T K
{8E2 M e(EZO) cos OT‘}
[ - (1+K)ZKSp le+Ki e(ElO)cos ] T,J
i [PE, & (Epq) o8 Oy ] (38)
1 9Eq LaEl e (EIO) cos OET_
Since Epot varied by at most a few percent over the range of

angles used at one energy, it was held fixed in the course of
an angular distribution measurement and the following depth
was varied slightly to compensate for this small error. The
angular distributions of Beg(p, p) obtained by this method are

illustrated in figs. 14 through 28.
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3. Determination of cross-sections from thin target data

When a thin target is bombarded by monoenergetic particles,
resultant particles with energy aE;, are produced in the surface
layef of the target, and particles with energies somewhat less than
aE,q are produced in succeeding depths of the target. However,
since the target is not infinitely thick to the incident particles, re-

sultant particles in only a narrow energy region below oE,, are

10
produced. Hence, a thin target momentum profile will exhibit a
group of resultant particles at a momentum dictated by kinematics
and with a width related to the target thickness., Typical thin tar-
get momentum profiles are shown in fig. 29. |

To deduce the cross-section from a thin target measure-
ment, the entire momentum profile in the neighborhood of the
particle group of interest is first obtained. The number of counts
N(I) obtained at any fluxmeter setting I are those due to all parti-
cles with momenta in the interval %E about the mean momentum
P, which is related to I as indicated in Part 3 of Section II. The
acceptance momentum interval OP is related to the‘ acceptance
fluxmeter current interval 81 and the momentum resolution of the
magnetic spectrometer, R, by

L

p _I_ 39
sp 51" ® (59)

If y is the number of particles of a particular type produced in the
target per incident particle, per unit solid angle, per unit interval

in the fluxmeter scale, then y is related to N(I) by

y 0y, 01 ==5r75g (40)
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The total yield Y per incident particle, per unit solid angle, is
just the same yield per unit fluxmeter interval integrated over all

fluxmeter settings, Hence, from equations 39 and 40

(yar = _2eR (N(” dI (41)
) cviy ) 1

The differential cross-section for the process producing the re-
sultant yield Y per unit solid angle, per incident particle, is de-

fined as

Y
do /dQ = — (42)

Equations 41 and 42 combine to give

dg /dn = —2°R (1\;(1) d (43)

CcVv .D.Lnt )

The thickness t of the thin target may be determined in a variety

of ways, some of which will be discussed in the following section,

4, Thin target techniques

Thin target techniques have been used in the measurement
of the Beg(p, d) and Beg(p, a) angular distributions af 333 kev shown
in figs, 30 and 31, the Be9(p, a) and Beg(p,d) excitation curves
near 470 kev at OL = 1380, shown in fig. 32, the Beg(p, p) excita-
tion curves near the 1084 kev resonance shown in figs, 33 and 34,
and the forward angles of some of the Beg(p, p) angular distribu-
tions of figs. 14 through 28,

The 333 kev Beg(p,d) and Beg(p, a) angular distributions

were obtained to check the validity of the elastic scattering analysis
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which concluded that the 330 kev resonance level in Blo is formed
by s-waves, a conclusion requiring isotropic reaction product
angular distributions, Thin target techniques were used in an
attempt to separate the resultant deuteron, alpha, and L16++ groups,
all of which appear at nearly the same magnetic spectrometér set-
tihg in this energy region, The target used in the absolute cross-
section determinations was a 4% kev (to 1 mev protons) .ber’yllium
layer evaporated on a chromium plated brass backing. The target
thickness was determined by the momentum width of the deuteron
and alpha groups and also by the difference in momentum of protons
elastically scattered from chromium through the berylliu.rn layer
and protons scattered from a clean ¢chromium surface, This target
proved unsatisfactory at the forward angles since it was suitable
only for reflection experiments that become uncertain at forward
angles due to the small glancing angles of incidence and re.flection.
Thus, forward angle relative determinations were made by using
an unsupported beryllium foil as a target in a transmission experi-~
ment, Thése relative cross-sections were then normalized to the
absolute data obtained from the beryllium on chromium target,

The excitation curves for Beg(p, d) and Beg(p, a) at 0L= 138°
were run near 470 kev to check earlier data(ll) that exhibited a
peak in the deuteron cross-section and no anomaly in the alphas
near this energy, The results, which are shown by fig, 32 to be
in essential agreement with the earlier work, were obtained from
the beryllium target evaporated on a chromium backing by the
previous techniques, with but one exception, In the particular

energy and angular region under discussion, the resultant



-29-

deuterons and alphas from a thin target emerge through the mag-
netic spectrometer at identical field settings, The separation of
the counts at any magnetic spectrometer setting into the two parti-
cle groups of interest was accomplished by pulse height analysis,
This is possible since the resultant alphas possess twice the energy
of deuterons passing through the magnetic spectrometer at the
same setting, hence produce somewhat greater voltage pulses
'upon stopping in a cesium iodide scintillation crystal,

Thin target techniques were used to make measurements
at the forward anglés in several of the angular distributions for
Beg(p, p) in order to check on the validity of thick target reflection
data obtained as far forward as 60° with resulting glancing angles
of incidence and reflection of 30°, Thin unsupported beryllium
foils were used to obtain these relative angular distributions which
were normalized to the absolute thick target measurements at
the largest scattering angle that thin target data was taken. The
general agreement between this thin and thick target data is evi-
denced in figs. 19, 21, and 23,

In the study of the 3 kev wide 1084 kev resonance it was
desired to use a target much thinner than the width“of the reso-
nance in order to insure that the decrease in energy resolution
due to finite target thickness was small compared to the width of
the state of interest. To meet this requiremeﬁt a target composed
of a 2/3 kev layer of beryllium evaporated on a 5 kev unsupported
nickel foil was prepared. The target thickness was determined

from the difference in momentum of protons scattered from the
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nickel foil through the beryllium and protons scattered from a
clean nickel foil, Relative cross-sections, normalized to values
in the excitation curves and angular distributions, were obtained
as follows,

From eqﬁation 43 it is seen that if the momentum profile
is restricted to a narrow region of fluxmeter currents, the cross-
section is proportional to the area under the momentum profile
curve, Since, in the present case of a target much thinner than
the momentum resolution of the magnet, the width of the momen-
tum profile is the width of the magnet acceptance momentum
interval and is a constant over a narrow region of mofnerita, the
area under a momentum profile is proportional to the number of
counts at its peak, Hence, relative cross-sections may be ob-
tained from the number of counts at the peak of the momentum
profile, and it was in this way that the data of figs. 33 and 34
was obtained, The two percent error indicated on _this data arises
from statistical fluctuations and the error involved in determin-

ing the peak of the momentum profile,

5. The stopping cross-section of protons in beryllium

Since the stopping cross-section of particles in a given
target material enters into the determination of thick target
cross~sections and thin target thicknesses, its measurement is
an essential part of any complete experimental procedure,

The stopping cross-section, g (E), is defined from

e (B) =3 & (21)
S

where Ng is the number of stopping atoms per unit volume, Thus,
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an absolute determination of the stopping cross-section requires
measurement of the energy loss of a beam in passing through the
material of interest and a knowledge of the number of stopping
atoms per square centimeter of this material, Since this latter
quantity is a constant for any given target, relative stopping cross-
sections may be obtained by measuring only the energy loss of
particles in traversing the target of interest, In this manner
the relative stopping cross-sections for protons of energies be-
tween 250 and 2600 kev in beryllium (fig. 35) were obtained after
normalizing to the absolute measurements of Bader, (1\2) _

For these relative measurements, a target was prepared
by evaporating a thin layer of beryllium on half of a thick copper
target, T he energy loss of protons in the beryllium was deter-
mined from the difference in energy between protons elastically
scattered from the clean copper surface with energy E Zo.and
from the copper surface through the beryllium layer with energy
E|20‘ This difference is proportional to the stopping cross-section
of protons in beryllium at some energy Ex which is determined

from the energies E,o and E'ZOas(S)

E,tE! E ,-E!
l1+a 2(14q) 17O
where
_elEy)
nE eE ()
o= EZ/EI for Cu(p, p)

The second term in the above expression being at most a few

percent of the first term, the stopping cross-sections required



-32-

to calculate it may be obtained with sufficient accuracy by using
only the first term in the above equation to determine the energy

to which the relative stopping cross-section measurement applies,

6., Target surface contamination

The preseﬁce of contamination layers on a target surface
must be guarded against continually since it can affect the yield
of the particles of interest in several ways,

One way results from the straggling of the incident and re-
sultant particles in the surface contamination layer, In addition
to decreasing the energy resolution, such a straggling tends to
cause a rounding of the top of the thick target step in the rﬁomen-
tum profile, as can be seen by comparison of the two profiles of
fig, 5 in which the same amount of surface contamination produces
a relatively greater effect at the lower energy. If such a rounding
of the thick target step becomes appreciable, the following point
is no longer at the top of the momentum profile and a reduced
yield is obtained,

A seéond troublesome effect occurs in elastic scattering
experiments if the surface contamination layer has nearly the
same atomic weight as the target of interest, In this case, tails
from the contamination layer elastic scattering peaks may extend
into the region of momenta corresponding to the elastic scatter-
ing peak from the target of interest, and a false high yield is
obtained unless this background yield is subtracted, This prob-
lem is most prevalent at low energies and forward angles where

the carbon and oxygen contaminant, and beryllium target elastic
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scattering peaks are in closest proximity to each other,

For these reasons, the buildup of surface contamination
layers with bombardment, an effect that becomes appreciable for
incident particle energies less than about 600 kev, should be
kept at a minimum, The combination of frequent target changes
and heating of the targets during bombardment was found to re-
duce surface contamination layer buildup to a negligible amount,
In fig., 36, the rates of surface contamination layer buildup with

bombardment for heated and unheated targets are compared,

7. Target surface roughness

In a study of nuclear reactions, the quality of smoothness
of the target surface under consideration is an important param-
eter in determining relative thick target yields and the resultant
absolute cross-sections, That yields may be affected by a
rough or scratched surface has been shown through an experi-
mental inquiry into the number of elastically scattered protons
from different types of thick copper surfaces,

Since absolute differential cross-sections are determined
by comparing the yield from a given reaction to that from the as-
sumed Coulomb scattering of protons by copper, in the course of
the present experiment several determinations of yields from
copper targets were made, and it was observed that there were
day to day variations in yield of about 5%0, In an attempt to
understand the cause of this variation, the following three types

of copper targets were prepared and bombarded:
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I. A copper target made from machine shop electrolytic
copper was polished with 2-0 emery polishing paper, washed,
polished with 4-0 emery polishing paper, and cleaned in petroleﬁm
ether, (T his is the polishing procedure used on targets whose
results are described above,)

II. A copper target made from chemically pure copper
was polished to an optical flat by use of polishing paper, diamond
dust, and etching, by Di'. F. S. Buffington of the Caltech Metal-
lurgy Department,

ITI. Copper was evaporated on chromium-plated brass
sheets,

Of these three target types, II and III gave the same re-
producible elastic proton yields while the results from type I were
typically 9%0o low and variable, That this is due to somet_hing in
the polishing procedure used on targets of type I was shown by
polishing targets II in this fashion and obtaining a reduced yield.

The phenomena might be due to a contamination layer in-
troduced in the polishing procedure, but this explanation is
doubted because:

(a) Machined, unpolished surfaces produced the same low
yields,

(b) Momentum profiles of the elastically scattered pro-
tons indicated clean copper surfaces by virtue of the fact that
the yield rose from zero to the maximum value in a momentum
interval comparable to the momentum resolution of the magnetic
spectrometer used in the analysis of the scattered protons,

This was independent of the type of surface under bombardment,
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and would not be the case if contaminant were present, since strag-
gling effects would tend to broaden the top and bottom of the step.

(c) No contaminant was observed on the target surface under
a high-powered microscope,

A second plausible explanation for the reduced yield is that
scratches on the rough target surface are responsible, That is,
if a proton incident near the bottom of a scratch emerges through
the smooth part of the target surface after reacting, it traverses
a distance in the target of the order of the scratch depti'x. If this
distance is much greater than the normal path length in copper of
the resultant analyzed and COunted particles, protons in;:ident near
the bottom of a scratch emerge with a momentum less than that re-
quired to traverse the resultant particle magnetic spectrometer
and be counted, Thus, a reduced yield from scratched targets
would be observed,

A simple qualitative calculation shows that this is a reason-
able mechanism for yield loss, After polishing a target surface
with 4-0 emei'y polishing paper, the deepest scratches observed
under a microscope were of the order of 3 microns, The energy
difference between incident and resultant protons in a typical ex-
periment might be thirty kev, In copper at a bombé.rding energy
of 700 kev, this corresponds to a penetration of about 0.5 microns
in the target by the incident proton beam. Since the scratch depth
is six times this great, any proton incident near the bottom of a

scratch is expected to be lost; by virtue of the previous argument,



-36w

To test this theory further, two experiments were performed
on a copper target surface, parts of which were scratched to a maxi-
mum depth of the order of 5 microns in horizontal and vertical di-
rections, In the first of these experiments, yields from the verti-
cally and horizontally scratched surfaces relative to that from a
smooth surface were o’t:;tained as a function of the scattering angle.
These results are shown in fig, 37, To correlate these results
with the general ideas developed above, a theory based on the hy-
pothesis that the reduced yield is caused by the scratched surface
must be shown to produce the correct angular dependence of rela-
tive yield for the two types of scratches,

As the first step in the development of this theory it must
be realized that the only component of a scratch effective in re-
ducing the yield of elastically scattered protons is that component
perpendicular to the beam plane, i.e,, the plane formed by the
incident and resultant beams, Thus, if ay and ary are the angles
between this beam plane and the vertical and horizontal scratches
respectively, and if F is the fraction of the surface scratched,
then F cos oy, H is the fraction of the scratched surface that is
effective in reducing the yield, To determine QV, H the geometry
of the scattering process must be considered,

In fig. 38 the target {not shown) is in a vertical plane,
while, for reasons of obtaining a larger range of scattering angles,
the incident and resultant proton beams lie respectively 10° above

and below the horizontal plane. Hence, gsp’ which is the component
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of the laboratory scattering angle in the horizontal plane, and which
is the experimentally measured angle in any experiment, is related

to the actual laboratory scattering angle, QL, by

. 2 ..0 2 .,.0
cos OL = sin 10" + cos” 10" cos Osp » (45)
With Oy and oy defined as above, it can also be shown that
o .
cot a;y = tan a, = tan 10” tan osp/z (46)

As a second step in the development of the thedry, the loss
of yield from a proton beam incident on one scratch must be deter-
mined, In doing this, a scratch will be replaced by an .isosceles
triangular indentation as illustrated in fig, 11A. In this figure,

OT = Q!T is the angle between the normal to the target and either

the incident or emergent beam, and is related to gSp by

o _.
cos 0, = cos 10" sin gsp/ 2 (47)

The distance S that a particle travels in the target before reacting
is determined by the energy difference bet.ween incident and resul-
tant beams and was constant throughout the experimént under dis-
cussion,

According to this triangular abstraction of a scratched sur-
face, all incident protons in either the shaded or cross-hatched
regions in fig, 11A feel the presence of the scratch, But since
the protons in both shaded regions may travel some distance other
than S, react, and emerge with the proper momentum to be analyzed

and counted, it is assumed that no loss of yield accompanies these
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end effects, This is an especially good approximation, relatively
speaking, if D>> S, which is nearly the case in the present experi-
ment, Thus, if complicating effects from other scratches near
enough to the scratch of interest to influence the particles that
enter that scratch are neglected, only the proton beam in the cross-
hatched region is lost as far as producing reaction products is con~

cerned,

2R - 2L (tan @ + tand)
2R

length to the scratch length, is the fraction of the scratch effective

Since

;s the ratio of the cross-hatched

in reduction of yield, and F cos a is the fraction of the surface

v H
scratched in a direction perpendicular to the beam plane, the frac-
tion of incident particles lost is [1- 1% (sin GT + cos OT tan ¢)]F cos O‘V, o
In the derivation of this expression it is assumed that R> S (sin GT
+ cos OT tan ¢) and GT> ¢o If either of these conditions is violated,
all particles that enter the scratch are scattered from some depth
beneath the scratch and can re-emerge through the scratch with
the proper momentum to be analyzed and counted,

If G ié the fraction of the total yield obtained at angle QT
from scratches of half interior angle ¢, then |

S .
- 1 - F cos Cu H [1 —R-.-(mnOT

1 > B

+ cos 0., tand)] ¢ <B
(48)

where B is the smaller of the two values obtained from p = OT’ and
R/S - s8in QT

cos OT

tan 8 =
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This expression must be averaged over all angles ¢ to obtain
the experimental decrease in yield from a scratched surface, For

a uniform distribution of angles ¢ between 0 and w/2,

25F
TR

2 5 . .
G=1~-—1TE- Fcosa [I-R- sinQL §+ cos a cosOT insec B (49)

VvV: H V, H

For a Gaussian distribution of angles ¢ about a mean x with standard

deviation ¢ ,

_q_a S . o 2.bS |
Gs=s1l EFCOSUV,HU -RsmOT +-E-RFCOSU.V'HCOSQT
By :
(o 4 2
where a = — exp (—tZ/Z)dt b=t tanq)exp[-(-‘t%) lde (50)
fon YZr o 20
-l © o
(7

1 2
—_ ) exp (~t~/2) dt
=y
-/‘l/U

n

C

Plots of G for each of these distributions are shown in fig, 37. In
these curves F = ,40 and R = 5 microns, values in good agreement
with what one observes under a microscope. The length S was fixed
by the constant difference between initial and final proton energies
as 0,75 microns,

It is seen that the general shapes of the theoretical curves
for the relative yields of protons from vertically and horizontally
scratched targets are independent of any.a,s sumption on the distri-

bution of ¢, The general agreement between experiment and theory
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is taken as evidence that scratches on the surface are responsible
for the reduced yield,

The second experiment performed on rough target surfaces
in an attempt to understand the nature of the reduced yield phenorri-
enon involved the variation of relative yield with target angle. If
thé angle OT between the target normal and incident beam is varied
‘while the incident energy El o resultant energy E, g ahd laboratory
scattering angle OL, remain fixed, experimental data .of the type
shown in figs 39 is obtained,

The theoretical variation in relative yield from a smooth
surface as a function of target angle is given by equation 25, For
the particular energy and scattering angle illustrated in fig, 39,

the theoretical equation for the yield Y(OT) as a function of target

angle QT is
Y@p) 30, 65 (51)
n - 05 ¥ :
Y1030~ T4 94 4 15,71 00 ST
COS‘IZIU - UT'

It should be noted that this theoretical expression is expected to
break down for large target angles since it is experimentally ob-
vious that Y(90°) = 0, |

However, for smaller target angles, the agreement shown
in fig. 39 between experiment and the theory for a smooth target
surface is very good, even in the cases of vertically and horizon-
tally scratched surfaces, This latter phenomenon would seem to
be quite unexpected from the point of view of the scratch theory of
reduced yields, because a rough target surface corresponds to a

range of allowable QT’ hence an averaging over some region of
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the theoretical curve for a smooth surface, The result is that one
expects a rough surface to produce a yield curve with a smaller
slope than that for a smooth surface, However, a simple qualitative
argument shows that this effect is quite small,

Since 40%0 of the target surface is scratched and about 10%o
of the incident beam is lost in the scratches, about 330/0 of the
emergent proton beam feels the presence of the scratchés. How-
ever, not all of these protons produce a perturbing yield independent
of OT, since those protons incident on the back side of a scratch
and emergent through the smooth surface follow the same dependence
on OT as do those protons incident on a smooth surface, This fact
can be seen by examining fig, 11B and observing that the derivation
of the thick target differential cross~section as a function of OT is
the same whether the surface near the point of impingence of the
incident beam is the flat or dashed, triangular, surface, |

It is assumed that all protons incideﬁt on the back side of a
scratch emerge through the smooth surface, This is true for small
OT’ becauseVOT + QSI, = 121°, so O.&, is large, For large OT, O,'I, is
small, and the distance that the scattered beam travels before
emergence from the target is liable to be less than S, To fulfill
the condition that the proton travels a distance of the order of 2S
in the target, it must travel a distance greater than S before react-
ing, hence, most likely emerges through the smooth surface, With

this assumption, the perturbing yield is seen to arise from those

protons incident on the front side of a scratch,
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For OT> ¢, no protons are incident in this manner, For
OT< ¢, anywhere from zero to half of the protons incident on a
scratch strike the front surface, Hence as a rough estimate, it
may be said that on the average, one-eighth of the protons incident
on a scratch hit the front surface. Since about one-third of the
resultant protons are incident on scratches, the perturbing yield
is expected to be about 4%0 of the total yield,

If this perturbing yield is independent of the target angle

GT’ then one expects:

Y(OT) 30, 65 \
Y(60°30') 14,94+15,71

cos (121° - 0.r)
At 0 = 50°, this amounts to a yield increase of about 2%o,

In conclusion, it seems reasonable to say that a scratched
target surface reduces the yield of scattered particles in a manner
dependent on the direction and depth of the scra.tches and on the
angle of scattering, If this phenomenonisto be avoidéd, roughness
on target surfaces must be kept below a fraction of the depth of
penetration of that part of the incident proton beam fhat produces
the observed reaction products, This means that an optically flat
surface is required in the accurate determination of relative
thick target yields and the resultant absolute cross-sections,

Unscratched beryllium thick targets were prepared by
polishing 1/4 inch diameter beryllium disks in the following way.

The beryllium disk is first mounted in a plastic mold one inch in

diameter and is then polished with Axolite 120 through 400 polishing
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paper using a 10%o oxalic acid solution directly on the polishing
paper as an etchant, Following this procedure, the final polish
is obtained on a Microcloth wheel using a mixture of 100/0 oxalic
acid and 1552AB Gamma Polishing Alumina number 3 which has
a grain size of 0,1 microns, this combination serving as a simul-

taneous abrasive and etching agent,

8, Corrections to the experimental yields

Before determining cross-sections from a thick or thin
target yield by the methods previously discussed, the experimental
yield must be corrected for three small effects,

The first of these effects involves the subtraction of any
background yield that may arise from surface contamination layers
on the target or, in the case of elastic scattering studies with
thick targets, from the deuterons or alphas produced deep enough
in the target to emerge with the same momentum as the protons
elastically scattered from the surface layers, This background
yield, determined from the magnitude and energy variation of the
yield at the foot of the momentum profile of interest, was always
less than 10%o of the yield of interest and averaged about 1/3 of
this amount throughout the entire experiment,

A second correction to the experimental yield arises from
the dead time of the detection equipment, If two particles arrive
at the scintillation crystal within some time interval T, only one

pulse is recorded on the scaling unit, The fractional decrease

N + is given to a high degree of accuracy by

in counting rate, =
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the probability u (T ) that in the time interval T following the
arrival of a particle at the scintillation crystal, a second particle
also arrives, This equating of AN/N to u (%) neglects the additional
loss in counting rate that arises from three or more particles ar-
riving at the scintillation crystal within the time interval T , but
since this probability is small compared to u(7), no appreciable
error is made in neglecting it,

If a particle arrives at the scintillation crystal at time to'
the probability du (t'-to) of the next particle a,rriving.at the scin-

tillation crystal in the time interval dt! around t! is given by
du(t'-t ) = 1 - u(t'-to)}w) dt! (53)

where = is the average frequency of particle arrival at the crystal,
Integrating equation 53 from t*' = t to t! = t, + T and setting the

result equal to AN gives

N
-Vq
_A_N.N.=1-e ~ VT ‘ (54)

By means of a double pulser that produces two pulses sepa-
rated by a variable time interval, the dead time T of the counting
equipment has been measured as about 10—5 seconds, However,
particle yields obtained with variable counting rates indicate a
smaller value of the dead time, hence the value T = 5X10-6 seconds
has been adopted, In the course of the present experiment the dead
time correction was never allowed to be greater than 2% of the
total yield,

A third correction to the total yield arises from the fact
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that the magnetic spectrometer is set to pass only the positively
charged component of the resultant protons or deuterons and the
doubly charged component of the resultant alpha particles, At
proton or deuteron energies less than about 200 kev or alpha ener-
gies less than about 1,5 mev, the singly charged positive compon-
ent of the alphas, and the neutral and negatively charged compon-
ents of all three types of particles become appreciable and ﬁust
be accounted for, No correction to any experimental deuteron
yields was made for charge neutralization, However, the alpha
yields in the angular distribution at 333 kev and in the excitation
curves near 470 kev had to be increased by about 16% to compen-
sate for neutral and singly charged alphas that were not being
counted, Similarly, the elastic proton yields below about 200 kev
were corrected by up to 20%o.

The method of correction of the data for the components
of the resultant beam that were not being counted relies on the
16 cm?

fact that charge exchange cross~sections are so large { ~10~ m™)

that the charge equilibrium ratios are determined by the last few

{

atoms on the target surface, 13) Since the last few atoms on the
target surface comprise the surface contamination layer, the
charge equilibrium ratios should be independent of the target
material under bombardment, Thus, the correction for the singly
charged and neutral alpha particles may be obtained from Allison

(14)

and Warshaw » and the correction for neutral and negatively
charged resultant protons may be obtained from the deviation of the

low energy cross-section for the elastic scattering of protons by
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copper from the Coulomb cross-section, Before attributing these
low energy deviations to charge neutralization, the resultant data
must first be corrected for the screening effect of the orbital

)

electrons in copper, Wensel(15 calculates that this screening
effect, which is inversely proportional to E, decreases the ratio-
to-;Rutherford elastic séattering cross-section for protons on
copper by about 24%0 at 200 kev, The ratio of the measured
elastic scattering cross-section for protons on copper to the
calculated Coulomb cross-section, corrected for the écreening
of the orbital electrons, is plotted as a function of the r‘esgltant
particle energy in fig, 40, This curve is also taken as the prob-
ability that the emitted proton is positively charged; hence the
yields of protons elastically scattered from beryllium have been

corrected by this curve for the uncounted neutral and negatively

charged resultant protons,

9., Probable errors in the experimental absolute cros‘s—sections
Except where otherwise specifically noted, the total un-

certainty in the absolute cross-sections of figs, 12 through 34

averages about 7%0. This uncertainty arises from the various

probable errors listed in Table I,
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TiBIE I, TProbable Errors in Absclute Cross-Section lieasurements

SGURCE OF ERROR | PURCEIT :
{  ERROR !
e e e mrirs oo o ot £ s 0 b st 0 BRSNS e v e e v e L -;. R ...,c.“._...,,.._..a.i
1. Statistical counting fluctvations S
' ! i
. 2. Background subtraction i 1.5
3, Corrected for dead time of § i
counting eguirment ! 0.5 i
: E
L. Current integretor uncertsinties i 0.5 §
5, Effective solid angle mezsurement :
(a) Statistical counting j
flvetuations in Cu{p,p) 1,0 i
j
{b) Uncertainty in Ebu : 4,0 i
(¢) Assumpbion that Cu(p,p) ;
: is Rutherford 2 E
‘ (4) EquatingQ; from Cu{p,p) E '
toflL for Be%(p,p) ! 2
(e) Uncorrected variation with angle 1.5
6, Uncertainty in the stopping cross- ! ‘
- . - . i
section of protons in berylliium 24,0 i
7. Uncertainty in scattering angle
measurement 1.0 :
r inties in E. . and E 2 ‘
8., Uncertainties 1n.ElO and EZO 0,2 !
Total probable error %
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IV, THEORETICAL ANALYSIS OF THE ELASTIC
SCATTERING DATA

1. Introduction

In general, two types of analysis may be performed on
elastic scattering experimental data, The first type, applicable
when the resonance of interest is relatively narrow, involves
the analysis of excitation curves, The second type, applicable
to broader resonances, involves detailed fitting of anguiar dis-
tributions,

In the narrow level type of analysis, excitation curves
in the region of the resonance are studied at angles corresponding
to the zeroes of the various Legendre polynomials, It will be
shown that under the assumption of the formation of no more
than one non s~-wave state in the compound nucleus by protons of
one orbital angular momentum, the anomaly in the elastic scat-
tering cross-section that arises from the coherent interfefence
of the background and Coulomb amplitudes with the resonance
amplitude disappears at the zero of the Legendre Polynomial
corresponding to the ¢-value of the proton wave forming the reso-
nance level, The result is an anomaly at this particular angle
that increases the cross-section symmetrically about the reso-
nance energy. Hence, a casual survey of the cross-section exci-
tation curves at a series of angles might be hoped to yield the
parity of the compound nuclear state and to limit its total spin
to at most one of (2£+1) possible values, The total spin can fur-
ther be determined by the size of the cross-section anomaly which

depends on a statistical factor involving the total spin, Detailed
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fitting of the excitation curves at all angles can then be accom-
plished by assuming that the energy variation of non-resonant
phase shifts or of the resonant channel potential phase shift is
negligible over the region of the narrow resonance,

If these variations are not negligible over the region of
the resonance, the detailed fitting of the excitation curves becomes
impossible since no accurate a priori energy variation of non-
resonant or potential phase shifts can be assumed, In this case,
the broad level type of analysis must be employed, Iﬁ broad
level analysis, theoretical fits of the experimental angular dis-
tributions are obtained with arbitrary fitting paramete‘rs fhat are
related to these resonant, non-resonant, and potential phase
shifts, The energy dependences of these {fitting parameters are
then studied in an attempt to determine the existence and proper-
ties of the states in the compound nucleus BlO formed by the inter-

action of Be9 and protons,

2, Derivation of theoretical cross-section equations

(a) General derivation

The first problem in either the broad or narrow level
type of analysis is to derive a theoretical equation for the cross-

9 10* 9

section of the process Be’ + p—B~ — Be’ + p subject to the con-

ditions of the conservation of parity and

+J +2&t (55)

m, +m_ +m, =m_ sml +m! +m! (56)
e P P .



-50-

—
where the J's are total vector spins, the m's are components of the
.}"s along the direction of the incident plane wave, and the prime
quantities refer to reaction products, It is experimentally known
that Jpe ® Jpe = 3/2 and Jp = J;) = 3, Furthermore, the plane wave
nature of the incident beam requires m, = 0 since the operator cor-
responding to the z—corﬁponent of angular momentum is - ih —(,% ’
and a plane wave has no ¢-dependence, Thus, the most general
theoretical elastic scattering cross-section is calculated by sum-
ming over all possible amplitudes for the elastic scattering process
that arise from all allowable combinations of ¢, £', m‘g ». My, JB’
mp s mIBe’ and m’p.

The problem is simplified from this infinite complexity by
explicit assumption of the particular values for £, £! and Jg to
be considered in the construction of the theoretical cross-section
equation of interest, In the present case, for reasons that will

later become clear, the allowed values of £, &' and JB have been

chosen as follows:
(a) ¢=0,2 £'=0,2 J_=17, 2"
(b) £ =8t=1 JB = O+, 2t with Jg = 2t being formed only

by channel spin one,

The formalism of describing initial and final particle con-
figurations in terms of channel spins is adopted. In this formalism,
the angular momenta of Be9 and the proton are combined to form a

channel spin and its z-component, Thus, the total spin in a channel,
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Jch’ and its z-component, m ., are given by

ch
= m +m (57)

It therefore follows that Jch equals 1 or 2, and the eight possible
substates of a spin 3/2 particle (4 substates) combining with a spin
1 particle (2 substates) are represented in terms of the eight pos~
sible substates of spins 2 (5 substates) and 1 (3 substates). The
combination of a channel spin and its z~component will hereafter
be called a channel spin configuration and will be written (J'Ch, mch)'

Following the calculation of the many amplitudes for the
elastic scattering process subject to the conservation of parity,
total spin, and its z-component, the theoretical cross-section is
obtained by taking the absolute square of the sum of these ampli-
tudes and averaging over initial and summing over final channel
spin configurations, Since this summation involves both c.oherently
and incoherently interfering amplitudes, it is mathematically con-
venient to tabulate the various amplitudes by groups having the
properties thé.t all amplitudes within a group interfere coherently
while all amplitudes between groups interfere incoherently, The
theoretical cross-section is then obtained by taking the absolute
square of each group and summing over all groups, taking care
to divide the result by 8 to account for the averaging over initial
chaﬁnel spins,

Since no experimental technique can differentiate two
scattering processes possessing the same initial and final channel

spin configurations, such processes interfere coherently regardless
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of differences in intermediate orbital angular momentum or com-
pound nucleus configurations. Hence, the tabulations of the many
amplitudes for the elastic scattering process are carried out in
groups of constant initial and final channel spin conﬁguratioﬁs.
To do this, an eight-by-eight amplitude matrix is constructed.
The rows o‘r columns of the amplitude matrix correspond respec-
tively to the eight possible configurations of initial or final channel
spins 1 and 2, Each element in the amplitude matrix is the summa-
tion of all possible amplitudes for the formation and break up of a
compound nuclear state of spin ‘IB by orbital angular momenta
£ and £' through the given initial and resultant channel spin con-
figurations.

The most general term in any of the matrix elements is a
product of three parts: two Clebsch-Gordon coefficients that rep-
resent the probability amplitudes for formation and decay of the
compound nucleus through a particular combination of channel
spins and orbital angular momenta, an angular dependent factor

™', and a group of constants

gl
and phase shift dependent terms that at present will be denoted by

J
£ B P T he amplitude matrix for the situation described
Ch, 2

given by the spherical harmonic Y

Jon?

above is given in fig. 4l. In this figure, fC represents the Coulomb

scattering amplitude and is given by the equation
i§ 0
- _ .2 CM
f_ = JR e whereéf = -a én sin” ——
(58)

2
a, = zozl e /hav

and R is the Coulomb scattering cross-section given by equation 32,

As an example of the detailed calculation of the amplitude
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matrix, the term corresponding to the process of s-waves com-
bining with the incident channel spin configuration (2, 2) to form
a JB = 2 state in the compound nucleus that then decays by d-wave
emission through the resultant channel spin state (2, 2) will be cal-
culated. From the conservation of the z-component of angular
momentum it follows that my = 2 and m'6= 0. The Clebsch-Gordon
coefficient for the formation of the compound nuclear state (2, 2)
from the channel spin and orbital angular momentum configura-
tions (2, 2) and (0,0) is 1, The Clebsch-Gordon coefficient cor-
responding to the decay of this state into configurations (2, 2) and
(2,0) is Y1/14, The angular dependence associated with the out-

going orbital angular momentum wave being Y(Z.)’ the full amplitude

for the above process is then [JI/14 Yo fz °
3 27°2,2,s,d

In general the term £ . ¢ is given by

J . 1 i{n4n%-2n)

B fdmi .(2-&Y . e e o
f = 28+41)2 f 5
Jch’ Jtch: £, & —72r ! ( )%e sc (59)

i(n gong)  (L#iag)es. (8tiay)
where, e = >t >t
(1+Q )2...(8 +a )2

o] [e)

The scattering amplitude, fsc’ is related to the phase shifts and
partial widths in a way that will be developed, The remaining terms
in the above definition arise from the conversion of a probability
amplitude into the square root of a cross-section and the expansion
of the incident plane and resultant spherical waves in terms of
Coulomb wave functions and Legendre polynomaials,

(b) Discussion of the scattering amplitude fsc

It remains only to determine the value of the scattering
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amplitude f_  in order to obtain the theoretical cross-section for
s-wave, p-wave, or d-wave formation and decay of a compound

+, or 2+, in Blo, by the elastic

nuclear state of spin1~, 27, 0
scattering of protons from Beg.

Before determining fsc, it is first necessary to make a dis-
tinction between the physical and theoretical definitions of elastic
scattering, Theoretically, elastic scattering is associated with
the re-emission of the incident particle with its orbital angular
momentum and channel spin configurations unchanged. Physically,
elastic scattered particles are those that interact with the nucleus
and emerge without exciting the nucleus, These partiéle's may
have their orbital or intrinsic spins reoriented in the process and
still be counted since the detection equipment is spin insensitive,
While the theoretical equations must account for these particles
that undergo spin realignment in scattering, they are considered
throughout the theory as being components of the non-elastic or
reaction cross-section. It is therefore necessary to‘ distinguish
between the scattering amplitudes of the two different types of
processes, elastic scattering with and without change of spin ori-

entation, These scattering amplitudes will be referred to as fsc

and fsC respectively,

For the general case of true elastic scattering, i, e, no

change of spin configurations,
f =8 -1 (60)

where S p is the proton-proton component of the scattering matrix,
2 .
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That is, Sp P is the coefficient of the outgoing true elastically scat-
3

tered spherical proton wave function produced as a result of the

interaction of the unit normalized incoming plane proton wave with

(16)

the target nucleus, In terms of Sp o’ the total reaction cross-

L

section for the case of spinless particles may be obtained from the

requirement of the conservation of particles as

' 2

ol ) (61)

2
OReaction = " M (1- ‘Sp,

For the simplest case of no reaction cross-section, equa-

[ 2 = 1, hence S may be written
P P: P

S = eZi& (62)

tion 62 requires 'Sp

For the case of no potential scattering, the requirement of a reso-
nance shape in the elastic scattering anomaly determines the energy

variation of § in the simplest case as

E-E '
cot = —= - (63)
[t/2
where ER is the resonance energy of the level, and /7 is its width
. : 2ib |
in energy units, Thus fsc = e -1 and CReaction = 0¢

The further generalization of fsc to the more complicated
cases that include resonant and non-r;s—onant reaction cross-sections
or potential scattering phase shifts will be accomplished by geometri-
cal rather than mathematical arguments, To proceed in this direc-
tion, a scattering amplitude diagram is constructed by plotting fsc

in the complex plane as in fig, 42A. As the energy E is increased

through the resonant region, 28 increases through 360° in a



-56-

counterclockwise direction, and fsc is represented by a vector whose

origin is at the point (1, 0) and whose end traces out the full unit circle,
To include the possibility of a resonant reaction cross-section,
fsc must be multiplied by the probability amplitudes for formation and

break up of the compound nuclear state via the elastic scattering pro-

cess, Hence

' 2 /—tp 2 , 2ib B
f =(a ) (e -1) (64)
sc igedep

The channel spin amplitude a‘? is the nuclear probability

B? Jch

amplitude of forming the given J., from the orbital angular momentum

B
and the channel spin Jch" and is related to the method of nuclear coup-~
ling of the intrinsic angular momenta of the target and bombarding

particle with their relative orbital angular momentum, From its defi-

nition it follows that

¢ 0 1 T.=T. +¢
a = unless =
Tge Ty B~ Jecn
and (65)
¢ 2., 8 2 _
(g, 1) Flog ,2b =1

From the scattering amplitude diagram of fig, 42B, it is seen that

the scattering amplitude now traces out a circle of radius

)2 FP@
ch A

(“3 J
B’

in the complex plane, as the phase shift goes through resonance,

The proton-proton component of the scattering matrix is now given

by



(e“*?-1) + 1 (66)

Hence
I,
cReactionz4:‘"»,\2(""“}g J )Z ___pZ R Sin25 (67)
B! ch /AN A

-

where /_'R = [T - (af I )'2 A This is the well known Breit-

B'Jen P&
Wigner one level formula,

The most general case for fsc’ illustrated in fig, 42C, occurs
when the center of the resonance ci;(:1e is removed from the real
axis by an angular amount 2¢, and from tangency witﬁ the unit cir-
cle by the amount C, with the entire resonance circle lying on or

within the unit circle as is required by the conservation of particles,

In this case,

. 2 . .
£ = el (@@ o )% 2E (PPl i)t i1 (68
sc B'“ch Ia '
and
r/_‘ .
0 Renction = ™ C(2-C) + 4—rrxz(af ; 2 _pé | R -c7 sin® &
n B’ ch /_‘ /_! J

(69)
It is seen that 2¢ represents an elastic scattering potential
phase shift since its presence affects only fsc' hence the elastic
scattering, but not the reaction cross-secti:;. The quantity C rep-
resents a non-resonant contribution to the reaction cross-section

that occurs through the same spin configurations as the resonant

contribution, It should be noted that in this case of a non-resonant
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reaction occurring through the same spin configurations as the reso-
nant reaction, partial decay widths cannot be obtained from the reac-
tion cross-section in the usual way, because of the presence of
the C in the resonant reaction cross-section. In fact, under the ex-

FR

treme case of —— = C, the resonance reaction cross-section disap-
pears entirely,

For reasons of later comparisons between experiment and
theory, it must be pointed out that what has been drawn as and called
resonance circles above are not expected to be circles in the actual
case, but rather to be elliptical in nature, The reasons for this

effect are two-fold,

First, the radius of the resonance circle is proportional to

/-‘Pz

¢+ which for Beg(p, p) in the energy region under consideration
is a monotonically increasing function of the proton energy. Thus,
a stretching of the resonance circle into an elliptical shape is ex-~
pected,

Secondly, the potential phase shift increases monotonically
with proton energy, being proportional to the square root of this
energy for the case of hard sphere s-wave potential scattering., Such
an energy dependence tends to rotate the center of the resonance
circle clockwise while the scattering amplitude traces out the circle,
This results in an elliptically-shaped rotation.

Having derived expressions for the true elastic scattering
amplitude fsc’ it is next necessary to deduce expressions for the

scattering amplitude fsc corresponding to physical elastic scattering

—

accompanied by a change of either the orbital angular momentum or
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channel spin configurations or both., Since the cross-section for
any of these processes is proportional to the square of the approp-

riate scattering matrix element, it follows that fsc is just the

appropriate scattering matrix element,

To derive fsc » the double requirement that the scattering

_

matrix be unitary and that the resulting scattering matrix elements
yield the proper Breit-Wigner resonance energy dependences, is

invoked., By inspection it is seen that the fsc satisfying the above

double requirement for the case of no non-resonant reaction

cross~section, hence C = 0, is

oot

2
i, (/7 /T 1) t -
f =e P_Pe PI an 3 aﬁ 5t (e216-1) (68a)
¢ A B*“ch “"B?’“ch
For the case C # 0:
f =a(e?®. 1)+ (68b)

where a and b are complicated functions of the channel spin ampli-
tudes, partial widths, and C, obtained from the condition of unitarity
of the scattering matrix,

This requirement does not place any restriction on the poten-
tial scattering phase shift 4)38' of equation 68a, However other
general considerations show that ¢88' is equal to the pure elastic
scattering potential phase shift ¢ of equation 68, (26)

It is noted that in the special case of no non-resonant reaction
cross-section or potential scattering, the forms of fsc and fsc be-

come identical, It is further noted that this entire develqpm;t is

applicable to the calculation of physical reaction cross-sections
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if the scattering amplitude fsc (which is a reaction amplitude from

s
p—

the point of view of the theory) represents the physical reaction
amplitude and if the following changes are made:

l. The Coulomb amplitude, fc, rﬁust be removed from
the amplitude matrix,

2, While (’qu- n’o) retains the same functional form as
(Tlg —no), it must be remembered that the numerical
values of these quantities will differ,

3. The partial width /_]‘p'g of the outgoing proton must be
replaced by the partial width /_E!{l of the outgoing
reaction product,

(c) The completed theoretical cross-section equations

A completed theoretical cross-section equation is obtained

by choosing the desired form of fsc’ inserting it in the amplitude
matrix, squaring each element, and averaging over initial while
summing over final channel spin configurations,

To allow for the possibilities of potential scaftering and

non-resonant reactions in the pure s-wave formation and decay
of the compound nucleus, the s-wave scattering amplitudes are

given the general form

f (J,)=f +ig -1 (70)
sc'"B ‘TB JB

The p-wave and d-wave scattering amplitudes are assumed to
contain no non-resonance reactions or potential scattering., Hence,

for p-wave or d-wave formation or decay

1
/11 2
f = = o a‘el EE_P_)_ (6216-1) (71)
sc T, J JosJ!

B?’“ch "B*"ch A

H
[43]
[¢]




~-59.
With these choices of scattering amplitudes, the following
theoretical cross-section equations may be calculated:

(i) pure s-wave scattering

(%;5 dD_FL_ 1 = sinf 21 {(X-l) _ cosg Y - [; (72)
r/ - KR 2k°R k YR 4% °R
where
2 ";
X= 2 £, + 2 ¢ Z(ZJ+1) 02¢[IC—2—-—-51n5}
8 1 8 J s
2/"p J
J . .
- sin 2¢J sin 63‘ cos 6% o
J , /—1p
_ 3 5 S, T . 2s -
Y= z g+ ¢ gz--JélT 51n2¢J{l-CJ.-2. = sin GJJ
J
2
v 26 - sin & 5
+ cos 2¢J sin 0y cos O
/_lJ
L3 g2, 20 B2 20 o 2 - 2
U=1 T (f;+g7) 7 (f5+g5)=1 3/8|Sp,p! _ 5/8]SP,IJ _
J=1 J=2
_ “Reaction '
'erZ
dGR/dﬂz R [see equation 32] >
6 Z Z, e
¢ = -a_4n sin M a N .
' o 2 o hv

(ii) pure s-wave scattering mixed with d-wave formation

and decay ofa Ig = 27 state

P
dg /d - 1 = pure s-wave terms - y5m Y(Z) - d[Azcosg-sting]
do . 7d 4kJR A
5 o B
57 0 2 2 2 2
+ . Y, = g&zigl(l—qugz ay]+ BZ[(l-QZ)(fl—1)+a2(f2-l) ]
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At D) P 3
s 2 .2 5 5 a 10 2
t4 ap sin 52§'F)£; 75—, (/5. /5 ) aglray-1]
. [5-42 4% + 45 2 1[A.A, +B.B, ]
M - 12 172
2 (73)
1 Py .2 2 4
t g (—=) sin®d 8.8464 - 1.9531 4% + 2.1484 %)
2 2 4
-5 (8557 - 4,2411 u°+ 2,7902 u{)
/—|

4 2 4] 5 2. .. 4 Pd  Pg sin®s
+ay (.6112-3,0293 4% + 1.9930/u.zé+ 2al7-6 45415 )_/__'__. = 2

where

il

Ay 2 sin 52 cos (62 + ;)

i

B, = -2sin 62 sin(62+nz)
AZ = 2 sin 52 cos (52 + Z-qz)
B, = -2 sin 62 sin (52 + 2n,)

o)
2
o)

inz (1 + iao)(Z + ia
= >
)

€ =
2(2 + a

[ &1

(1 +a
o

s}

5 = resonant phase shift for JB =2

a, = channel spin amplitude for formation of a JB = 2

state by d-waves and channel spin 2

]
1

d-wave proton width

!
1]

s-wave proton width

/u. = CcOS QCM
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(iii) pure s-wave scattering mixed with p-wave formation

+

and decay of a JB = state through channel spin 1

/_1 .
P
dq/dil - 1 =s-wave terms - 5/8#——0.2 —Z[A cost-B,sin ]
do,/dN 3
R KR ~ /3
(74)
3 o
2 'P 13+21 2 2.2 .
+5/8A—a® TZ [g A B (1-f) 321k )( )% sin% |
2k"R /‘2' 32k“ R o
where
Ay = 2 sin 61 cos (61 + an)
3 = -2 sin 51 sin (51 +2m)
i'ql (1+ia0)
e = ——Tl-
(1+a)?
o
/] = p-wave J_ = 2 proton width
p, =P B P
/—'2 = p-wave Jp = 2" total width
o = p-wave JB = 27 resonance phase shift
ay = channel spin amplitude for formation of a JB = 2 state

by p-waves and channel spin 1 (012 = 1 in the above
formula)
(iv) pure s-wave scattering mixed with p-wave formation

and decay of states with JB = 2% and JB = ot

do /d L _ _ ot
W— 1 = s-wave terms + p-wave JB-Z terms
[l
+sind 5(/& p°[gcos2 +(1-f,)sin2n, ]
SInO,CO8Q =7~ — 1§ cosamrii-f)sinen, ]
R /1
o 2
a; Py

3/u ~-1)sin2d -%

- 2 (costcos2n, + sin sin2 —_—
n
R 1 Y osk’R /7

NU |l3’j



b2~

[}
p .
+sin26 L2 (cosfsin2n, -sinf cos2y,)
o /_'p
/U~ 0 [g .
- S sin2n, -(1-f.)cos2n, ] (75)
skl R r 1 1 1 1
fo0 s o T,
1
+ A ( 2 2+ é ° 2 (3/&‘2—1) sin 51
8k“R /7 &R [ T

where

[ = p-wave N ot proton width

0% total width

H|

A = p-wave J'B

60 = p-wave JB = 07 resonance phase shift

3, Broad level analysis

In broad level analyses, theoretical equations of thé above
types are applied to fitting experimental angular distributions.
Since, within certain limitations that will be discussed later, there
is no a priori variation of s~wave potential phase shifts or non-
resonance reaction cross~sections with energy, fl' g1 fz, and g
are considered unknown parameters whose values are determined
by obtaining the best fit to the experimental data, The validity of
the analysis then rests on two points:

(1) The degree to which the theoretical equation can be
made to fit the experimental angular distributions by varying the

fitting parameters fl’ fZ.’ g2 and g,.
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(2) The degree to which the energy variation of the fitting
parameters approximates a reasonable behavior of potential scat-
tering and compound nucleus level formation,

As has been pointéd out, in the neighborhood of a resonance,
the scattering amplitude diagram obtained by plotting f versus g
or X versus Y is expected to approximate a counterclockwise el-
liptical motion as the energy is increased. The center of this
resonance ellipse is rotated from the real axis through an angle
equal to twice the potential phase shift, the deviation from tan-
gency of the unit circle and resonance ellipse is related to the
non-resonant reaction-cross~section, and the radius of the ellipse
at any energy is proportional to /-'p//_! at that energy, A behavior
of this type is required of the fitting parameters before a reason-
able analysis of the data is assured,

The simplest theoretical elastic scattering equation is ob-
tained from the assumption of s~wave formation and decay of the
compound nucleus, Hence, unless there are existing experimental
arguments for believing that the states of interest are not formed
by s-waves, the simplest analysis is obtained by attempting to fit
the experimental angular distributions with the pure s-wave theo-
retical cross-section equation, This was the first method applied
in the analysis of the elastic scattering of protons by beryllium,

The three unknown fitting parameters in the theoretical
s-wave equation are required by definition to satisfy the inequali-
ties,

X“+Y°<1 0gUg 1 | (76)
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Furthermore, U is related to the total s-wave reaction cross-section
as in equation 72, Since the detailed fitting of the experimental
angular distributions happened to be insensitive to tiqe choice of U,
it was estimated from the known reaction cross-section.(r{) Pure
s~-wave fits on all angular distributions were then made with a theo-
retical equation involving only the two undetermined parameters X
and Y. In certain energy regions, the pure s-wave anaiysis failed
to meet the above double requirement on the validity of the analysis
procedure, In these regions, others of the pr.eviouslgr written theo-
retical cross-section equations were used in attempting to obtain
a fit of the data. These procedures will be covered m;are thoroughly
in later discussions of the properties of the states in B]‘O as deter-

mined from the theoretical analysis of Beg(p, P)e

4, Narrow level analysis

The general philosophy involved in analyzing narrow reso-
nances is to run excitation curves in the neighborhéod of the reso-
nance at a series of angles corresponding to zeroes of Legendre
polynomials, It is seen from the amplitude matrix (fig, 41) that
Coulomb and s~wave amplitudes appear only in the diagonal ele-
ments, and that the angular dependent terms in the diagonal ele-
ments are of the form Y , If the background is composed of at
most s-wave and Coulomb amplitudes, the interference terms be-~
tween this background and the narrow resonance can therefore
contain only the angular dependence P% (cos 8), Thus, the deter-

mination of the angle at which interference effects disappear is
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enough to yield the orbital angular momentum of the proton form-
ing the state, Furthermore, the magnitude of the anomaly at this
angle is simply related to the J-value of the state of interest, and
the J-value can thus be estimated with some degree of accuracy if

A

—P is known,
[ |

A more complete and definitive analysis involves explain-
ing the magnitude of the resonance anomaly at angles other than
that at which the interference terms disappear, To carry out this
procedure on the narrow 1084 kev resonance, the following pro-
cedure was adopted.

The most general theoretical cross-section equation may

be written in the form

20' /dj.}l = slowly varying background terms

R (77)
+ A(E, 0) sindcosb+ S(E, 0) sin’ 5

where O is the resonance phase shift, and A(E;8) and S(E, 0) are

two theoretically calculable functions of energy and angle, whose

energy variétions are assumed small compared to the energy var-

iation of & in order that the narrow resonance type of analysis be

applicable,

The first step in the complete narrow level analysis is to
fit the experimental excitation curves with an equation of the above
form, choosing S(E, 9) and A(E, 0) to obtain the best fits, and cal-
culating & from equation 64, The angular variations of the S(E, 0)
and A(E, 9) thus determined are then compared with theoretically

calculated values based on different assumptions of background,
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£, £t and JB. The best agreement between these theoretically
and experimentally determined quantities may then lead to defi-
nite statements on the spins and parities of the state of interest,

The above analysis procedure has obvious advantages over
other plausible procedures for two reasons, First, experimental
errors due to resolution or incident beam energy variation with
scattering angle due to stray magnetic field variations are elim-
inated before the theoretical analysis is attempted, This is ac~
complished by requiring the best possible fit at all aﬁgles using
only one resonant energy and total width for the state, Secondly,
information on the resonance energy and width of the étafe is ob~
tained by a straightforward procedure assuming only that reso-
nance theory can explain the anomaly of interest. For the 1084
kev resonance the energy and width thus determined are
Ep = 1084 kev and [ =3 kev,

The detailed discussion of the application of the above

procedures to the analysis of the narrow 1084 resonance will be

carried out in Part 5B of Section IV, below.

5. The states of B 10

A summary of the properties of the states of B10 in the
energy region covered by the present experiment is given in
Table 2, The following discussion concerns the methods of theo-
retical deduction of these properties,

(a) T he 330 kev state

The structure of the elastic scattering excitation curves

between 200 and 700 kev indicates the presence of a broad
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resonance anomaly near 330 kev, From its large width and the
presence of an interference anomaly at all angles of. observation,
the compound nuclear state appears to be formed by s-waves,
Thus, the first procedure involved in the low energy analysis was.
to attempt to fit_fhe appropriate angular distributions by a pﬁre
s-wave theoretical cross-section equation. Results of this pro-
cedure are shown in figs, 14 through 20, In these figufes the
7%o error indicated on the 110 degree data serves to Qrient the
eye to the accuracy within which the theoretical expressions ap-
proximate the experimental data,

In the region between 220 and 776 kev the pure s-wave
theoretical equation is seen to agree with the experimental data
to within experimental error, Thus, the only remaining require-
ment on a valid analysis in this region is that the fitting parame-
ters X and Y determined in the above analysis procedure .exhibit
the proper resonance behavior expected of an s-wave state, The
plot of X versus Y is included in the scattering amplitude dia~
gram of fig.r 43,

It is seen that the plot of the fitting parameters does
exhibit a counterclockwise elliptical rotation with increasing
energy in this energy region, That this is the expected energy
variation associated with a resonance is seen by recalling Part
2B of Section IV in which it is pointed out that the presence of a
resonance requires an elliptical rotation of the resonant scattering
amplitude plotted in the complex plane, and that this rotation is

confined to the interior of the unit circle with its exact location
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yielding information on the potential phase shift and the non-
resonant reaction cross-section,

Thus, the double requirement of obtaining good fits to
the experimental data and of the fitting parameters exhibiting
a proper energy variation is satisfied, and it remains only to
determine the properties of the 330 kev state from the scatter~
ing amplitude diagram in order to complete the'analysié in
this energy region., Before carrying out this procedure, it
should be mentioned that the isotropy of the deuteron and alpha
particle angular distributions at 333 kev (figs. 30 and 31) is in
agreement with the elastic scattering conclusion of an s-wave
state,

From the tangency of the resonance ellipse and unit
circle in the scattering amplitude diagram, the quantity C of
equation 69 is zero, and there is no non-resonant reaction
cross-section in the s-wave channels at the‘ lowest energies,
From the fact that the center of the resonance circle is near
the real axié, the potential scattering phase shift is nearly
zero, Both of these effects are to be expected at sufficiently
low energies,

Under the assumptions that the potential and non-resonant
phase shifts are constant over the region of the resonance, it
is seen from t/eguation 72 that the radius of the resonance el lipse

is given by ¢ P s Where
(3:/8 for J

1
ot

B

o = (78)
15/8 for JB

|
WV
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Since the radius and —£ vary with energy because of barrier pene-
tration, it is required in discussing partial or total widths to specify
the energy to which these quantities refer, From the radius of

the resonance ellipse at 330 kev the partial proton width at that

energy is given by

r, (18if Ty = 2 |
—_i = (78a)
I £30 if I = 1 |

It must be emphasized that these values of partial proton width
are accurate to about only a factor of two, This arises from the

fact that the theoretical equations yield values for %(-’5@7'%"71 -1,

which in the energy region under consideration is a minber of the
order of 0,1, A five percent decrease in cross~section halves
this number and thereby changes the fitting parameters and the
radius of the resonance ellipse considerably,
The total width of the 330 kev state may be determined

from detailed fitting of the low energy region of the amplitude
diagram by assuming that the non-resonant phase shift remains
zero over the region of the resonance, the potential phase shifts

possess an energy variation proportional to the square root of

the energy, and the resonant phase shift is given by(ls)

E,. + A (E)-E
cotd =~ M (79)
vk

where
AVE) = B A\E)  AE) =T, BE) o)

=Tasn @2+ G2)% [ denx,
€sg T 0P Vg™ sy 4R
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F g is the regular solution of the Coulomb wave equation, Ggpe
the irregular solution, and /’)‘\ is the total width of the A~th reso-

- nmance, E)\ is its true energy, related to the measured resonance

energy ER and the level shift A)\(E) by
E, +4, (Eg) = Ep (80)

The usual approximation (applied in equation 64l) that A)\(E)
is constant over the region of a broad resonance is probably poorer
than the basic assumption of resonance theory that thé logarithmic
derivative with respect to energy of the wave function at the nuclear
surface is at most a linear function of energy, Thus, it is neces-
sary to calculate A)\(E) as a function of energy before determining
the total width of the state, However, the determination of A)\(E)

involves knowledge of { s the reduced width for the emission of

Asé
the s~th particle with orbital angular momentum £, Since this
information cannot be obtained by elastic scattering, recourse
must be made to the known reaction cross-sections in order to
determine the total width of the state,

The one level formula for the total reaction cross-section

(18)

may be written

mr

(E)\+A)\(E)-E)71-/_’ /4

'rr'fu)

®Reaction ~ (81)
where /-; is the partial width for the emergent particle, in the
present case an alpha or a deuteron, The total width is the sum

of the partial widths and any partial width is given in the center-

of-mass system by
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df
= ar 82
/"S*ZkRPg(dE)S (82)

where
~_ Tdu/dr]

fsR L____.._l
Jr=R

. 1
P = penetration factor =

FAR)+GE(R)

~and U(r)/r is the radial part of the nuclear wave function for r> R,

Writing
-1 2
(3_%) =Y “"is . (83)
Asé 2uR -

where A = the reduced mass of the system
2 2 2
0y = R [U(R)] /5;¢1 da
*J ’C

¢ = complete nuclear wave function for r< R

one obtains after simplification,

I

2 7L a2

gks = ,110 Ared R X i (84)
RPIE
b/

and
/—‘SL 10—1‘3
Y)\s = 2,277 T {85)
- Pg =

where R = nuclear radius in centimeters

= s-th partial width in the lab system in mev

»
n

E = incident particle energy in the lab system, in mev,
The discussion of partial widths is usually carried out by comparison
of the experimentally determined 02)'\_S to the theoretical upper limit

of 3 obtained in the single particle limit, It is this ratio that will
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be referred to as the fraction of the single particle limit,

The one level formula may be solved for —P at the resonant

/1

energy E_ to give

R

2

[T =323 Y1-og ,chon/m™ (86)

eaction

where © is the sum of the s~-wave resonant deuteron and

Reaction
alpha reaction cross-sections at 330 kev. Assuming all of the re-

. _ . . o
action cross-section arises from the 330 kev resonange, Reaction

may be obtained from figs, 30 and 31, Equation 86 then yields

/—;)//"‘:.33 or .67 at E 330 kev ‘ (87)

1:'-."

if JB = 1 is the assumed spin of the state, as gamma ray data seems
to indicate. (19) The choice /';)/ /' = .33 is more consistent with
the radius of the resonance circle in the scattering amplitude dia-

gram, With this choice, the one level formula yields -
7 =.29; g/t =.38 ' (88)

at 330 kev, It remains only to determine /! from a detailed fitting
of the one level formula over a range of energies in order to evalu-
ate the various partial widths of the state of interest. To accomplish
this, total reaction cross-section data is obtained from the assump-
tion of the angular isotropy of particle emission required of an
s-wave resonance, and from the data of Thomas, Rubin, Fowler

(11)

and Lauritsen, increased by 8%o to agree with the determina-
tion of the cross-sections at 333 kev given in figs., 30 and 31, Pene-

tration factors are calculated from Christy and Latter, (20) and
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the level shift A)\(E) is obtained from the tables of Coulomb wave
functions given by Breit, et al, (21) A plot of A)\(E) as a function
of energy for a particular set of reduced partial widths is given
in fig, 44.

The conclusion reached from the detailed fitting of the re~
action cross-section data by the one level formula is that no total
width less than the single particle limit will yield the cbrrect
cross-sections at resonance and the large contribution above
resonance indicated by the data of Thomas, Rubin, Fowler and

(

Lauritsen. 1) Thus, a background reaction cross-section pre-
sumably exists in other than the s~wave channels, since the scat-
tering amplitude diagram resonance ellipse is tangent to the unit
circle, T he determination of the total and partial widths being
dependent on the nature and amount of this background, it is im-
possible without further detailed investigations in this enérgy
region to determine partial widths for the 330 kev state,
However, some general conclusions do follow from the
gross featul;es of the reaction cross-sectioh curves, The total
width and the reduced partial widths of the 330 kev state must be
quite large. The best fit of the one level formula to the experi-
mental data with a particular choice of background subtraction
is obtained for a proton reduced width that is about 50%o of the
single particle limit of 5,7 mev, a deuteron reduced width that
is about 40% of the single particle limit of 1.9 mev, and a re-

duced alpha width of about 5%o0 of the single particle limit of 1,7

mev, Various methods of background subtraction can vary these



-75-
values by factors as large as two or three, but it must generally
be true that very large proton and deuteron reduced widths and
a somewhat smaller alpha reduced width are required to explain
the experimental data,

The clarification of the situation around 330 kev requires
more complete experimental determinations of angular distribu-
tions of the reaction products in order to determine the nature
of the background and its relation to the anomaly near 470 kev

)

first observed by Thomas et al, (11 and verified during the course
of the present experiment, as shown in fig, 32, The inclusion of
pick-up amplitudes in the construction of the reaction cross-
section and/or the inclusion of a2 second resonance with presum-
ably a small proton width may be required to explain the experi~

mental data,

(2) The states in B10 between proton energies of 776 and
1664 kev

The first step in the analysis of the angular distributions
between 776 and 1664 kev was to attempt a fitting by the pure s-
wave theoretical cross-section equation in the manner previously
indicated. R esults of this fitting procedure are shown in figs,

21 through 28, where the 7%0 error on the 110° data at all ener-
gies again serves to orient the eye to the accuracy with which
the theoretical equation fits the experimental data,

The discrepancy between the theoretical fits and the ex-
perimental data being greater than the probable error of the ex-
perimental determinations at many angles in the majority of the

angular distributions, the validity of the pure s-wave analysis
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was highly suspect, Further doubt was cast on this validity near
one mev when one considered the scatfering amplitude diagram
plot of the fitting parameters X and Y obtained in the analysis pro-
cedure (See fig, 43).

Near one mev, the amplitude diagram plot of X versus Y ex-
hibited the hint of a resonance circle, but there were not enough
angular distributions in this region to establish its existence or
non-existence, Recourse was thus made to the excitation curves
at three angles which supply enough information to determine
roughly X and Y as a function of energy.

It was found that between 900 kev and 1 mev thé pure s-
wave theoretical equation provided extremely poor fits to the ex-
citation curves, Furthermore, the fitting parameters tended to
make a clockwise circle in the amplitude diagram, a behavior
that is nonsensical from the point of view of resonance theory,

The experimental reason for the above behavior is that in

the excitation curves, the increase in —d%g—-/—;lagﬁ corresponding

( R
to the anomaly near one mev comes at a lower energy at the for-
ward angles than at the back angles, Thus, over a region of

energies, the angular distribution of a—g—o—%'% is peaked in the

forward direction, a behavior difficult tg explain with a pure s~
wave theoretical equation, Since this equation can satisfy neither
of the two requirements on a valid theoretical analysis, the situa-
tion near one mev was investigated more thoroughly,

Because the excitation curves near one mev exhibit in-

terference minima at all angles of observation, it seemed
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desirable to retain the assumption that the one mev state is formed
predominantly by s-waves, A hint of a possible modification of
the pure s-wave equation was supplied by the ground. state gamma
ray transition angular distribution which is of the form 1+(.10+,03)
si.n2 6. (22) ~This ;On-isotrolay is explainable by the assumption of
a small contribution to the formation of the state by d-wave protons.
And thus, a second attempt at analysis of the angular distributions
was made by allowing for d-wave formation and decay of the com-
pound state in the theoretical cross-section equation. | For such a
possibility, if the compound state has Jg = 27, the appropriate

theoretical cross-section is given by equation 73,

This theoretical cross-section equation has as unknowns

/gs /gd
£15 810 f50 830 s » and a,, where /_1'3 is the width for s~
[t A s
wave protons, /; is the width for d-wave protons, and a, is the
d

probability amplitude of formation or decay of the compound nu-
clear state through channel spin two if the interaction occurs With
a d-wave proton, Since the theoretical equation now contains
seven unknowns, a unique analysis of the experimental data was
nearly impossible, However, qualitative consideration of the
theoretical equation was enough to show that the inclusion of d-
wave protons does not improve the fitting of the experimental data
for any set of assumptions on the seven unknowns,

The only appreciable contribution of the d-wave terms
can be shown by calculation to come at large scattering angles,

where it tends to increase the theoretical cross-section calculated

from the pure s-wave equation, This behavior, illustrated in
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fig, 45 for a particular set of assumptions on the unknown param-
eters, tends t\o decrease the existing agreement between theory and
experiment., Thus, the theoretical analysis near one mev was not
aided by the addition of d-waves, so it became necessary to look
to sources other .than the gamma ray angular distribution data for
clues to assumptions that would enable a fit of this data., A source
of such a clue was obtained from a study of the narrow 108>4 kev
level, since the analysié in this region is sensitive to.the assumed
background which arises in part from the one mev broad level,

The gross features of the thin target excitation.curves near
1084 kev illustrated in figs, 33 and 34 supply some insight into
the spin and parity of the compound nuclear state, Under the ex-
perimentally verified assumption that /_'p/ /Y = 1, the smallness
of the anomaly at the forward angles is consistent only with a
JB = 0 state in Blo, since the magnitude of the anomaly increases
with J‘B. The determination of the parity of the state rests on the
magnitudes of the interference terms at the zeroes of Pl(cos 0)
and Pz(cosQ). At 90°\there is practically no interference as is
seen by the symmetry of the anomaly about the resonance energy,
while at 125°16!, the resonance anomaly is composed almost en-
tirely of interference terms. While such a behavior may not be
inconsistent with d-wave formation of the compound state if one
assumes the background to be composed in a large measure of
other than s~wave amplitudes, the simplest assumption is that
the 1084 state is formed by p-waves, hence JB = 0+,‘

With the assumptions that J_ = 07, that there is no

B
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potential scattering or non-resonance reaction cross-~section in
the p-wave channels, and that only s-wave amplitudes are present
in the background, the theoretical fits illustrated in figs, 33 and
34 are obtained, Since these assumptions are not sufficient to ex-
plain the anomaly at the back angle, additional amplitudes must
be introduced into the theoretical equation.

As has been pointed out, JB = 0" is the simplesf assump-
tion that will yield reasonable agreement with experiment. The
presence of p-wave potential scattering or non-resonance reac-
tions is unlikely in view of the p-wave barrier penetration factor
at these energies, Thus, the only reasonable variable in the
analysis is the nature of the background that interferes with the
narrow 0' state,

An obvious extension of the analysis is to include the sup-
posed d-wave present in the formation of the one mev stéte.
However, it is seen from the amplitude matrix of fig, 41 that
the 2~ d-wave amplitudes do not interfere with the ot p-wave
amplitudes, An\d thus, some other assumption must be advanced.,

A logical approach is to include all p-wave amplitudes in
the background, then all d-wave amplitudes, etc., until the back-~
ground contains enough variables to fit the experimental data,

Of the possible p~-wave amplitudes, only those leading to a 2t
state in B10 are considered plausible in the background, The

reasons for this are that, of the four possible p-wave states,

the 1+ and 3+ states do not interfere with a O+ state, A broad
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0% state in the background is undesirable for the two reasons that
it will not produce the detuerons and alpha particles that must be
present in this energy region to account for the cos6 term in the
d‘euteron and alpha angular distributions near one mev(17), énd that
the inclusion of a broad 07 state in the background interfering with
the narrow 01 state at 1084 kev requires calculations from the two
level formula that are extremely difficult if not impossible to make,
Thus, a 2t p-wave state is inserted in the background, With the
assumptions of no potential scattei‘ing Or non-resonance reaction
cross-section from this state, the new parameters ai’ /_;)2/ Fz
and cot 51 are inserted into the analysis, where ay is the probability
amplitude of the formation of a JB = 2T state from p~wave protons
through channel spin one, /_;D and /_‘z are respectively the partial
proton and total width of the 2" state, and 61 is its resonance
phase, The appropriate theoretical cross-section for a 2t state
and an arbitrary amount of s-wave interfering with a narrow ot
state is given in equation 75, |

With this equation, the theoretical fits of the experimental
data shown in figs, 33 and 34 are obtained with the following choices

of variable parameters:

2
fl = "'.4, gl = -.9, 0.1 /_{_)2//_!2 - 0.9, cOos 61 = -, 918.

As a further assumption in the following discussions, it is assumed

that “f = 1 and /‘1') //_'2 = 0,9, values that are accurate to about 10%o
2

if the 1084 kev analysis is correct,

With the above choice of parameters, the only unknown

. . + P .
involving the assumed 2  state is its resonance energy, if one as-
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sumes that 61 is given by equation 64, Since cos § | is negative
near the narrow level, the resonance energy of the 2T state is less
than 1084 kev, It cannot, however, be more than a few hundred
kev less and still possess a reduced width smaller than the single
particle limit, Such a state may be calculated to produce a 90°
anomaly symmetric about its resonance energy and of magnitude
0,8 on a ratio-to-Rutherford plot. And thus, a possible conclusion
from the 1084 kev narrow level analysis is that a 2t p-wave state
with a large /"_’p/ [T exists somewhere in the range between about
800 and 1080 kev, and this state produces a sizable anomaly in
the elastic scattering of protons by beryllium, |

Such a set of conclusions must be tested on the elastic
scattering angular distributions and excitation curves in the neigh-
borhood of one mev, The theroetical cross-section formula ex-
pressing the presence of a 2t p-wave state and an arbitrary amount
of s-wave is giv;n in equation 74. With the choice of the resonance
energy for the 2+ state, this equation possesses the four unknowns
fl, gy fz, and g which are related to the real and‘ imaginary
parts of the J = 17 and Ig = 2™ s-wave scattering amplitudes,
Thus, the presence of a p-wave state breaks up the degeneracy in
s-wave amplitudes and detailed fitting enables the determination
of the variation of both the Jg = 2" and JB = 17 s-wave scattering
amplitudes, rather than a combination of them as was obtained
with the pure s-wave equation,

The first step in the analysis procedure is to determine

the resonance energy of the assumed 2" state, From the_90° exci-

tation curve and the fact that at this angle the 2t state produces
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a symmetric anomaly of magnitude 0.8, it seems clear that its
resonance energy must lie near 1 mev. A more accurate deter-
mination is achieved through considering all three excitation-
curves between 900 kev and 1 mev and obtaining the best theoreti-
cal ﬁt to the experimental data for reasonable fitting parameters
by varying the resonance energy of the 2t state, Results of this
procedure are shown in fig, 12 for the two assumptions‘ER = 998
kev and Ep = 980 kev, From these results and the reasonable-
ness of the fitting parameters assumed in this analysis, the reso-
nance energy of the 2t state is 980 kev to within about 10 kev.
The fitting parameters used in this analysis are shown in the
scattering amplitude diagram of fig, 43. The width of the 2"
p-wave state at 980 kev as determined from its resonance energy
and cos \51 at 1085 kev, neglecting effects of the level shift AX(E)’
is 90 kev, T his corresponds to a reduced width that is aBout 7%
of the single particle limit,

The next step in the analysis is the fitting of the angular
distributions between 887 and 1664 kev with the theoretical s-wave
and p-wave JB = 27 cross-section equation, The results of this
process are shown in figs, 21 through 28, At all energies the
addition of the p-wave state improves the character of agreement
between experiment and theory., Ik remains only to study the
energy variations of the fitting parameters fl’ gy fZ’ and o1
defined in equation 70, to determine the validity of the fitting
procedure and the properties of the s-wave states thus revealed,

The scattering amplitude diagram plots of f1 versus gy and fz
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versus g, are shown in fig, 43,

The general behavior of the energy variation of fZ versus
g, indicates two counterclockwise resonance circles correspond-
ing to two J = 2” states in B'° near energies of 998 kev and 1330
kev, The energy. variation of fl versus g, shows what may be
interpreted as the tail of the 330 kev resonance along with a poten-
tial phase shift and the hint of what might be a higher eﬁergy s-
wave J = 1  resonance that causes the scattering amplitude dia-
gram plot to reverse direction and start in a counterclockwise
circle at the higher energies., These behaviors might be _expected

in view of Lane's prediction of four s-wave states, two JB =1
and two Jg = 27, in this energy region.(23)

The validity of the fitting procedure ‘t;eing assumed by
virtue of its satisfying the double requirement of fitting the data
with proper energy-varying fitting parameters, the scattéring
amplitude diagram must be studied in greater detail to determine
the proper_tie;s of the potential phase shifts in the JB:: 1~ channel
and the compound nuclear states in the Jy = 2" channel,

From a simple model of hard sphere scattering in the ab-

{

sence of a Coulomb potential, Wigner 24) derives the inequality

gﬁg > -R (89)

from the law of causality that the scattered wave cannot emerge
before the incident wave enters the scattering region, In this
inequality, ¢ is the potential scattering phase shift, k the wave
number, and R the radius of the hard sphere. The energy varia-

tion of the JB = 1~ potential phase shift, as revealed in the scat-
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tering amplitude diagram of fl versus gy, violates this inequality
by about a factor of ten between 887 and 1220 kev. However, it is
felt that this violation is not sufficient to cast very strong doubt
on the validity of the analysis, for the following reasons,

The theoretical derivation of Wigner's inequality does not
include effects of compound nuclear states or of the Coulomb po-
‘tential and either of these effects might alter the inequélity some -
what, A stronger argument involves the theoretical means of
determining the variation of the potential phase shift with energy.
This variation is determined essentially by the 887 and 1085 kev
theoretically deduced phases, since all other phases can .be varied
over a rather large range without disturbing the theoretical fitting
to any great extent, The reasons why the 887 and 1085 kev fitting
parameters cannot be varied greatly are that the 1085 kev fit comes
from the narrow level analysis which is rather sensitive to fl and
g8y and the 887 kev analysis occurs in a region where the elastic
scattering cross-section is nearly equal to the Coulomb cross-
section, Tlﬁs means that at 887 kev the theoretical do /1 _ 1

_ do/dn

is a small number obtained from differences of large numbers,
and the analysis is extremely sensitive to the choice of the fitting
parameters, Inclusion of another p-wave amplitude to explain
the reaction cross-section angular anisotropy around 800 kev would
thus mainly effect the 887 kev analysis without disturbing the other
angular distributions greatly, This in turn might move the J, = 1
fitting parameters at 887 kev in such a direction as to decrease

- g% by a large factor. It is for reasons of this nature that the
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large energy variation of the JB = 1~ potential phase shift is not
considered a detrimental fact on the validity of the s-wave and p-
wave JB =2t analysis,

The scattering amplitude diagram plot of f2 versus g, ex-
hibits segments of two counterclockwise circles whose near tan-
gency with the unit circle indicates little or no non-resonance re-
action cross-section in the JB = 2° s-wave channel, T.he amount
of rotation of the centers of the two circles from the real axis
being indefinite but fairly small, there is a lesser amount of po-
tential scattering evidenced in the ‘TB = 2~ channel thap in the JBz'-
1™ channel, The resonance energies of the two states, corres-
ponding to rotations through half the resonance circles; are about
998 and 1330 kev respectively, The ratio of proton to total width
is given by the radii of the two circles as /";3//'l = 0,65+ 0,15
for both states, The total widths of the two states obtainéd from
the low energy side of the 998 kev resonance circle, the high energy

side of the 1330 kev resonance circle, and equation 64, are /1(998)

i

150 + 50 kev and [¥{1330) = 400 + 100 kev. The reduced proton
widths of the 998 and 1330 kev states are respectively about 2%
and 5% of the single particle limit,

Since much information on the states of B10 is obtained
from the elastic scattering analysis assuming a 2t p-wave state
at 980 kev, it is interesting to compare the conclusions of this
analysis with those obtained from a study of gamma rays and re-
action products from the bombardment of protons by beryllium,

Gamma ray transitions to the ground state from the s-wave
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state near one mev are electric dipole while those from the p-wave
state are magnetic dipole, If ai‘ = 1, the p-wave state is formed
only by channel spin one and the two types of gamma rays do not
interfere, T he electric dipole gammas are isotropic while the
magnetic dipole gammas follow the angular distribution 1 + 0, 167
sinz 0 (Appendix 1), Thus, the combination of s-wave and p-wave

J, = 2 states near one mev can lead to the observed angular dis-

B
tribution 1 + (, 10+ ,03) sin2 0, with appropriate choices of the
partial gamma widths,

Additional experimental information has been obtained by

(

Devons 25) from a study of the angular correlation of internal con-
version pairs, a study whose theoretical interpretation gives the
strength of the various multipole orders involved in the gamma
transition, From the bombardment of 50 to 100 kev thick beryl-
lium foils with protons of energies between about 950 and. 1050
kev, Devons deduces the existence of a mixed El, and E3 or M2
transition to the ground state with the E1 gamma width being about
3% of that predicted by the single particle model, (16) However,
the E3 or M2 width comes out about 103 times larger than that
predicted by either the single particle or liquid drop models.

This theoretically impossible conclusion is obviated under the
assumptions of a p-wave 2% state at 980 kev and an s-wave 2°
state at 998 kev, since the resultant M1 and E1 transitions to the
ground state will lead to roughly the experimental angular correla-
tion of internal conversion pairs for gamma widths within the

26)

single particle model limit,( The reasons for this conclusion



-87-

follow from the experimental angular correlation that is peaked
at small angles and remains fairly large at larger angles. The
property of the theoretical /A = 1 (E1 transition) correlation func-
tion is that it remains relatively larger at large angles than the

A= 2 (M1 or E2 transitions) or /\= 3 (M2 or E3) transitions that
are peaked more at the smaller angles. With nearly equal con-
tributions of /A = 1 and /\= 3, Devons fits the experimental data
“and from the gamma width, /Tr' = 23 ev, of the state, deduces the
large width of the M2 or E3 transition, Howevef, nearly equal
amounts of /\ =1 and /\= 2 provide at least a qualitative fit of
the data and give reduced widths that are 3%o and 80% of the
single particle model limit for the E1 and M1 transitions respec-
tively.

- The Beg(p,d) and Beg(p, a) experimental determinations
below one mev provide much insight into the states of Blo. The
principal experimental facts are that the total reaction cross-
sections are peaked near 940 kev and exhibit angular anisotropies
that indicate an interference between states of opposite parity
that is large in the region between 500 kev and 1 mev but that
peaks somewhat near 750 kev and one mev. These behaviors
are qualitatively partially understood in terms of the elastic scat-
tering analysis, but their quantitative theoretical interpretation
must depend on more thorough experimental data and analysis,

The qualitative understanding of the total reaction cross-
section peaking about 50 kev below the 998 kev proton or gamma

ray resonance energy follows from the assumption that the
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reaction products are produced by the JB = 2~ level and the reali-
zation that there are two overlapping states of the same spin and
parity in Blo, the 998 and 1330 kev 2~ levels, Under such circum-
stances it is possible for the total reaction cross-section to peak
at an energy different from the true resonance energy., It must
be pointed out, however, that such a behavior is not predicted
by the scattering amplitude diagram of {, versus g,. The total
reaction cross-section is proportional to El- lSp, pf 2] where, in
the scattering amplitude diagram, Sp, o is the distance from the
center of the unit circle to a point on the resonance circle, Thus,
the scattering amplitude diagram predicts that the s-w"av'e JB =2
reaction cross-section will peak near one mev,

The peaking of the cos@ term in the reaction angular dis-
tributions near one mev is explained by the presence of the 2t
p-wave state if the assumption that a? = 1 is relaxed somewhat
to allow for the formation of this state through channel 2, The
state can then interfere with the 2~ s-wave state which is only
formed in channel 2,

The interference between states of opposite parity that
exists down to 500 kev in the reaction product angular distribu-
tions cannot be understood in terms of the states deduced from
the elastic scattering experiment, It is plausible that a second
p-wave state with a small proton width exists near 700 kev,
Such a state might produce a negligible effect in elastic scatter-
ing but could cause interference in the reaction product angular

distributions. The test of this hypothesis should involve a non-
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proton induced reaction leading to this energy region in Blo. The
only choice of a nuclear reaction satisfying these requirements is
Li6 + a. A study of the reaction products and elastic scattering
produced under alpha bombardment of Lié by alphas near 5 mev
might lead to a clarification of the theoretical situation of the states
of B 10 near 7,50 mev,

It is seen that the as sumﬁtion of a 2t p-wave state at 980
kev in the proton bombardment of beryllium explains the experi-
mental elastic scattering data quantitatively, the garﬁma ray data
at least semi-quantitatively, and the reaction data qualitatively
in parte It is thus of pertinent interest to inquire into séme fur-
ther experimental method of testing the hypothesis of the existence
of such a state,

One experimental method involves measurement of the
gamma ray angular distribution at a series of energies around
one mev, in order to determine the energy variation of the coef-
ficient of the sinZQ-term. Since the p~wave barrier penetration
factor inci‘eases with energy in this energy region much more
rapidly than the s-wave penetration factor, the s-wave state might
be expected to predominate below the resonance energy, and the
p-wave state above, Thus, the coefficient of the sinZO term ih
the gamma ray angular distribution will increase with energy and
it is this increase that might be experimentally verified., Unfor-
tunately, however, the uncertainty in the experimental determina-

tion of the sinZQ coefficient is about the same magnitude as its

expected energy variation, so this experiment would not serve
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as a very decisive test,

A second, more definitive experimental test would be to
study the polarization effects produced by the elastic scattering
of one mev protons by beryllium in a double scattering experi-
ment, _Under the assumptions of only s-wave states and Coulomb
séattering, no polarization will be produced, while the presence
~of a p-wave state in addition to the s-wave states resulfs in a theo-
retically calculable amount of polarization, And therein lies an
experimental test of the hypothesis of a 2% state in Blo.

One of the more reasonable experimental approaches to
this problem involves the elastic scattering of protons by helium
as the polarizer and the second scattering from beryllium as the
analyzer. Incident protons of energies near 2 mev scattered at
angles near 90° by helium are emitted with a large polarization
and the proper energy to interact with beryllium through fhe states
of interest in Blo. Rough considerations indicate that with a rea-
sonable geometry several hundred counts might be obtained in a
twenty-foﬁr hour period,

As a final remark on the possible existence of a 2t state

in B 10 it should be noted that in a recent Physical Review article,

Kurath(2'7) applies an intermediate coupling scheme to Blo and
theoretically deduces the energies of the first five even parities
states almost quantitatively, He also predicts the existence of
a 27 state at almost exactly the same .energy as that hypothesized

from the theoretical analysis of the elastic scattering of protons

by beryllium,
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APPENDIX 1
CALCULATION OF THE THEORETICAL M1 GAMMA
RAY RELATIVE ANGULAR DISTRIBUTION FOR THE

TRANSIT ION FROM A P-WAVE Jg = 2¥ EXCITED
STATE FORMED ONLY IN CHANNE L’ ONE TO A 3* STATE

The theoretical angular distribution cross-section for the
reaction Beg+p — Blo-i» BIO+Y is the absolute square of a sum-
mation of amplitudes, each of which corresponds to the interaction
through some particular incident channel spin configuration, inci-
dent orbital angular momentum, compound nuclear spin configura-
tion, final state spin configuration, and gamma ray total spin and
projection, Any amplitude is made of three factors: fwo Clebsch-
Gordon coefficients that represent the probability amplitudes for
formation and decay of the compound nucleus; XZ,m’ the vector
angular dependent part of the magnetic field for electric multipole
transitions or the electric field for magnetic multipole transitions;
and a group of constants and phase shift dependent terms given by
an equation analogous to 59 with the modifications that 4'=0,

(nfg - no) = 0, and with the addition of a phase shift dependence on
the multipolarity of the gamma ray. Since this third factor in
any amplitude appears in all amplitudes obtained from a single
initial orbital angular momentum, it, along with all other multi-
plying constants, may be neglected in the derivation of a relative
angular distribution, unless one wishes to consider the interfer-
ence between two different multipole transitions,

Assuming the excited state to have spin JB = 27 and to be

formed by only p-wave protons through channel spin one, the’
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various relative amplitudes for the gamma transition to the 3+
ground state in B10 are calculated in Table III. In this table,
the two columns of Clebsch-Gordon coefficients correspond to
the probability amplitudes for formation and decay of the com-
pound state through the listed initial and final spins and projec-
tions, The last column gives the relative amplitudes that are
needed to calculate a relative angular distribution.

These relative amplitudes il;xterfere incoherently since
it is possible, by means of a polarization experiment, to deter-
mine the projection of the spin of the emitted gamma ray.
Thus, the relative angular distribution is obtained by summing
over the absolute squares of the relative amplitudes, obtaining
the squares of the vector field quantities from the tables of
Kraus, (28) The result of this algebraic process yields the
relative angular distribution i1+(1/6)sin203 for the M1 tran-
sition from a 2% state formed only in channel one to the 3t

ground state of Blo..
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APPENDIX II

SAMPLE CALCULA TIONS

(1) Calculation of an elastic scattering differential cross-section
from experimental thick target data.

The data to be converted into a differential cross-section is

the E, = 1007 kev momentum profile of fig. 5, for which E, =
806 kev, From egquation 25
C(E ) BEZ (E ) cosOT ]
N ° Eyo) 587 * B20! cosor, |
(d /df)., = — ZeR L 1 T N
L n 2CVL R
L E
20
For a pure beryllium target
Ng
— =]
n
From equation 24,
R = 292,1

Also

1015 x 10"6 farads

i

<
H

= 9, 30 volts

'QL = 3,10 x 10-3 steradians

Therefore

ZeR _ 1x 1,602 x 10717 x 292,1
ZCVIL 7 2 % 1015 x 107°%9, 30 x 3. 10x10"

5 = 7. 996x10—9/steradians

From fig, 35,

S(Elo) = 3,41 x 10_15 ev-c:m2 S(EZO) = 3,93 x 10_15 ev—cmz

From equations 19 and 13,
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BEZ

-—a—ET-I- = c81921

Thus, for OT = G‘II‘
9E

2

. -1
HE ) 3E; +3(Eyy) = (3.41x, 8192+ 3.93) x 10

® 26,7210 Pev-cm?
The yield at the peak of the momentum profile of fig, 5 is 4283 counts.,
The background is 257 counts,

Therefore,

NR = 4026 counts

Combining the above numbers gives

6. 72x10_15ev-cm2
806 x 103ev

(a~ /d.Q.)L = 7,996 x 10-9/steradian x x4026

24

= .2684 x 107 cmzlsteradian

b

. 2684 barns/steradian

This is the differential cross-section for the elastic scattering of
protons by beryllium in the laboratory system at a laboratory angle

QL = 83035‘. The center~-of-mass differential cross-section is

0
d: /dﬂ.—;n._l_‘_ (a. /dﬂ)L

CM

where is calculated from equations 26 and 27 to be

leMm

{1l
L. » 98145

fleMm
Thus,

d</d{l = ,98145 x ,2684 % ,2634 barns/steradian

The center-of-mass scattering angle, s is calculated from

“cm
equation 31 to be



-96-

0 90°

CM "~
The reaction energy to which the above cross-section refers is

given by equation 29 as,
3.93
806 + 37y x 1007
El ) « 81921 + 3.93 = 997 kev

The Rutherford differential cross-section, from equation 32, is

. 02562
(. 997)%x(, 70711)

dsz/dQ = = ., 1031 barns/steradian

4
Thus

d. /a0 _ .2634 _

dr R?H:fi L1037

2, 56

(2) Calculation of the theoretical elastic scattering cross-section
at E1 = 997 kev and OCM = 90°

The theoretical cross~section that will be evaluatgd in the
following calculation is given by equation 75, in which the non-
Coulomb contribution to the elastic scattering is assumed to arise
from an arbitrary amount of s-wave and a p-wave JB = 2% state
at ER = 980 kev, The fitting parameters that will be used are
those deduced from the theoretical analysis of the angular distri-
bution at 998 kev,

For the special case OC = 90°, equation 75 becomes

M

d /di\ lsing 1 3,,5 cosf 3 5
~ =14 - (zf+5£,-1)- (g, + 5 8-)
- f;
1 3,2, 2, 5,2, 2 13 ,2 P22 2.
- 1-x{f;+g;)-g{f5+g ):{ + a )™ sin”3
22 Lrshiter-glhate; 2R 1T 1
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From theoretical fitting the following parameters are deduced at

998 kev:

sin® 3. = . 8129

1

fl = -, 150;g1 = - 930" :f2 = -.223; gz = ,092
Thus

3 5

(-8-f1 + B—fz-l) = -,056 -,139 - 1,000 = -1,195
3 5

(-8- g+ ggz) = -,349 + ,058 = -,291

3,2, 2, 5,.2, 2
l‘g(fl'l'gl)"-s-(fz'l'gz)—- 1"9 333".036 - 0631

The Coulomb cross-section R = dpR/dn, is calculated in Paxrt
(1) to be . 1031 barns/steradian

2 2uE M 2 M m
KeaBa l OM Ly o ) B x2x—
7 B MM, 5 "L m, g

2 o
2 x (,8994)" x 1836 x — E

a m e
0O O

b}

L

E
2970 x

]

a r m C
O 0 O

2970 EL(mev)

i

9

2.818x10 P emx5.292x10 Jcmx o 511

4

= 3,897 x 102 E, (mev) —

o sz = 3,897 x 997 x .1031 = ,4005

1 1
and —— = 2,497 —_— = 1,580
k'R

k)R
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From equation 72

. 260
£ = -a_n sin _%.M

2,2 4 2 2

Z.7Z e Z.,Z e M
aZ_, 170 = ( 170 ) 0
o pEA h 2B,

Z.Z 2 M cz
= ( 1 o) o
137 ZEL

o (A2 9382
= {137 ZEL]mev)

_ .39982
L mev

.4010

i

.« o 0.0:‘6333

and £ = ~, 6333(-, 6931) = , 4389

sinf = 4249 cosf = ,9052

sinf _ é = 6713 = 1,2485 = -, 5772
kR 2k“R
cost _ 1. 4302
kR
__12__ =, 6243
4K°R

13

= 1,0145

32K2R

Thus
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d /AL ) 4 (o 5772)x(=1. 195)-1. 4302x(-0 291)-, 631x, 6243

1

P
+ 11,0145 x 0.9 x . 8129}
=1+.,7120 + §, 742?@

2, 454

#

This is 4°/o lower than the experimental value of 2,56 cal~
culated in Part (1).

The number in brackets above is the contributipn to the
theoretical cross-section that arises from the presence of the
assumed 2t p-wave state. This state is seen to contribute about

50%0 of the total anomaly at this particular angle and energy.
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