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ABDTRACT

4 double focusing magnetic proton spectrometer has been
so mounted as to permit observations over a contimuous range of
scattering angles from C to 160 degrees., With this instrument,
the cross gection for the reaction Li7 (pp) has been meazsured over
the proton energy range 360 - 1400 kev, Measurements were made at
scattering angles of 50, 70, 89.2, 110, 130, 143.4 and 160 degrees
in the center-of-mass system, Anomalous scattering was observed
neur 441 kev, the resonance energy for the reachtion L_’L”7 (2?d),
and near 1030 kev, the resonance energy for the reaction Li7 {(pp')e
Analysis of the results near 441 kev indicates a state in Be
with J = 1, even pariiy, formed by p-wave protons, while the analysis
near 1030 kev indicstes a state in Be8 with J = 1, cdd parity,
formec by s-wave protons. The relative stopping cross section for

protons in lithium has alsc been measured from 200 - 1300 kev,
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INTRODUCTICN

.
; o f 5 .
The transmutation of Li by protons has been of interest

(1)

for meny years. In 1932 Cockroft and Walton first obgerved

alpha particles from the reaction Li7 (pa). Gamma rays from the
well=-known 441 kev resonance in the reaction L17 (p ¥) were observed
in 1934 by Lauritsen and Crane{2); and the width and position of the
resonance were measured accurately by Hafstad and Tuve<3) in 1935,
In 1939 Creutz{4> studied the protons elastically scattered by
lithium at an angle of 1560 over the incident proton energy range
272 = 586 kev, He found a marked anomaly in the scattering at 440
kev and concluded that the gamma radiastion from Li + p at that
energy arose from a virtual level in BeS.

Accurate measurements of the resonance energies of the
reactions Li7 (p¥) and Li7 (pp') have been made by Fowler and
Lauritsen(s), who give 441.4 * 0.5 kev for the Li7 (p ¥) resonance
and 103C * 5 kev for the Li7 (pp!) resonance, Hunt (6) has recently
found 441,.,5 + 0,5 kev for the resonance in L17 (p¥) using an
abgolute electrostatic analyzer, The angular distribution of the
gamma radiation near this resonance has been determined by Devons

(7)

and Hine who concliuded that the excited state in 868 hag J = 1,

odd parity, and is formed by s-wave protons,

A study of the elastic scattering of protons from Li'

can he expected to provide additional information whieh will aid in

3
the determination of the nature of the highly excited states of Beb.



One expects to find anomelies in the scattering corresponding to the
resonances in the reactions 13’ (p¥) and L17 (pp') with perhaps =
small effect due to the broad resonance in the reaction L17 (pa)

at 3 Mev. The cross section for the reaction Li7 {rp) has been
measured by Brown, et 5;.(8), at 89,2 and 143.4 degrees in the
center-of=-mags system, over the incident proton energy range

300 - 1300 kev, They found anomalies near 441 kev and near 1030
kev. An analysis of their results near 441 kev by Cohen(g}
indicated that the state in 898 has J = 1, even parity, and is

formed by p-wave probtoms. This result is seen to be in disagreement
with the resulis of Devens and Hine,

This inconsistency in experimental results indicated that
more complete experiments should be performed, Equipment has there-
fore been constructed in the Kellogg Radiation Laboratory to study
the angular distribution of charged nuclear reaction products. This
thegis deserites measurements of the cross gection for the reaction
Li7 (pp) at center-of-mass angles of 50, 70, 89.2, 110, 130, 143.4
and 160 degrees for incident proton energies in the range 360 = 1400
keve It is believed that sufficient data are provided to permit
unigue assignments for the 17,62 Mev and 18,14 Mev states in Bea,
which correspond to the observed anomalies in the scattering at
proton energies near 441 kev and 1030 kev, respectively.

During these experiments it was found desirable to measure
the stopping cross section of protons in lithium, A relative determi-
nation was performed over the energy range 200 - 1300 kev, and the

results are included in this thesise.



IT. APPARATUS

The 1,7 Mv electrogtatic generator of the Kellogg
Radlation Laboratory provided the proton beam used in this experiment,
The bean was rendered mono-energetic to 0,05 per cent by an 80 -
degree electrostatic aralyzer of 1 meter radius and 1 millimeter
entrance and exit slits, The scattered protons were analyzed by
s 10 1/2 inch double-focusing proton spectirometer after mounting
the spectrometer on a pivoted support which zllows measuremenis
to bte made alt any angle from 0 to 160 degrees. The protons
accepted by the spectrometer were counted by the scintillation counter
and pulse amplifier built by 4. V. Tollestrup(jl). The general

arrengenent of the apparatus is shown in Figure 14,

1, Construction of the Variable Angle Spectrometer,

The variable angle spectrometer is so constructed that
the entire spectrometer and the bottom half of the target chamber
rotate about a vertical axis which passes through the object focal
point of the spectrometer., The tep half of the target chamber is
connected to the entrance tube for the incident beam from the
electrostatic analyzer, and remains stationary. The movable joint
between the halves 1s in the horizontal plane which passes through
the object focal point of the spectrometer; and the vacuum seal
between the halves is provided by an "OY=ring contained in the

Jjoint, The target is held at the foczl point of the spectrometer



from the top half of the chamber. The proton beam therefore enters
the chamber through the top half, strikes the target, and leaves
through the bottom half, This construction is illustrated in
Figure 1B, Clearance of the movable joint is provided by directing
the incident beam downward exsctly 10 degrees from horizontel

with the B0-degree electrostatic analyzer. Consequently, as the
spectrometer is swung through 180 degrees, the accepted scattering
angle veries through 160 degrees., The angle through which the
spectrometer has been turned is read with an attached protractor
and vernier, and the corresponding scattering angle is then calculated
from the known geometry,

Before the construction of this eguipment, measurements
were made on the gap and fringing fields of the spectrometer magnet,
using a flip coil and Grassot fluxmeter., Accurate location of the
object focal point was obviously necessary, and since the magnet was
known to exhibit a strong fringing field it was feared that the
radial position of this point might vary with field strength. The
measurements were also valuable for determining the focusing
characteristics of the spectrometer, Tests were made using both
a brass entrance tube to the spectrometer and an iron entrance
tube which was designed to shield the entering protons from the
fringing field. With no shielding it was found that the fringing
field was so strong thet the eguilibrium path of the spectrometer
was bent 11.8 degrees in the 12 inches between target and pole

faces, but that the ratio of the fringing field strength to the



gap field strength at the equilibrium orbit remained constant at
all points over the entire operating range of the spectrometer,
This indiczted thalt the magnetic circuit of the instrument did not
saturate in the pole pieces. The iron entrance tube reduced the
curvature of the entering beam, bul was found to become saturated
and thereby to destroy the copstant field ratio., The apparatus
was therefore constructed with no shielding, The relative field
strength along the equilibrium path for this case is shown in
Figure 2, Measurements of the radisl variation of the gap Field
of the magnet were alsc made, The criterion for double~focusing,
with axial and radial focal lengths equal, is that the field vary
aa r"n, where n = 1/2. The results of this measurement indicete
that for this spectrometer n = 0,50 * 0,02 over the range

r = 10.5 *+ 0.8 inches (Figure 3).

The focusing characteristics of the spectrometer were
also measured directly with the proton beam after the construction
wes completed. The spectrometer was set al zerc degrees so that
the incident beam passed directly into the instrument, To make
the beam diverge from the object foecal point, several kilovoltis
A.C. were apprlied across two parallel plates which were mounted
at the target position in such a way that the beam passed between
them, The axial and radial image foczl points were then determined
by observing the beam at the image side of the spectrometer on a
movable quartz disk, The axial imasge point was found to be 4 3/16

inches and the radial point 3 3/4 inches from the magnet pole face,



Thus the instrument is non-astigmatic for all practiczl purposes,
The separation of the focal points indicates that the field parameter
n is actually 0.495.

The strong fringing field of the spectrometer was found
to interfere with the incident beam from the electrostatic analyszer
when the spectrometer was nesr the 160-degree position. The
anzlyzer casing was therefore built of steel, and a steel lining
was put inside the entrance tube to the target chamber. This
congtruction wade the effect negligible.

The constant proportionality of the spectrometer fringing
field to the egquilibrium orbit field was a great advantage as it
meant that the fluxmeter used to measure and control the field
during experiments did not have to bte mounted at the equilibrium
orbit., It was actually mounted ocutgide of the vacuum chamber near
the edge of the gap, where its calibration has been found to remain
constant over the operating range of the spectrometer,

The fluxmeter used to measure the spectrometer field was
built by Mr. T. A Milne“z). & control circuit for the field was
alsc built, which operates on an error signel from the fluxmeter,
The control drives an amplidyne which is connected into the field
circult of the generator which supolies Lhe specltromeler, Will
this device, the spectrometer field is held at a given setiing to

within 0,05 per cent,



2. Methods and Uncertainties of Calibrations.

The 80-degree electrostatic analyzer was calibrated from
observations of the gamma radiation from the rescnances in the
resctions L17 (p¥) at 441.5 kev{é) and A127 (p¥) at 993.3 kev(13)»
The kinetic energy of & varticle with charge Z traveling through
the electrostatic analyzer is, non-relativistically, proportional
to the potential across the anslyzer plates. It is therefore given
by

BE = GE Z Epct’

where Epot is the reading of a potentiometer across part of the
analyzer plate resistor stacks, and CE is & constant determined by
the calibration. The energy of the beam when it strikes the targetb
ig less than this, however, because the barget is ralsed to a
potentiél VG to suppress the escape of secondary elsctrons., The

actual bombarding energy is therefore

ElE = CE VA Epot - VG Lo (Re2)
In these experiments VG was 300 volts; so this was & small correction,
It was, however, included. The correction to ElB for relativistic
effects is 0,075 per cent for B, = 1400 kev, and correspondingly
less for lower energles; so it was neglected. The determination of
Cijas repeated at different times during the course of these

experiments, and its value was found to vary less than 0.1 per cent,



The erergy calibration of the magnetic spectrometer was
perforned by studying the protons elastically scattered from copyper,
gold, aiuninum and lithium using the electrostatic analyzer
calibration and the conservabion laws of energy and momentum, The
monentum of a particle with charge 7 traveling through the magnetic
spectrometer is directly proportional to the magnetic induction
B at the eguilibrium orbit. The magnetic induction is measured
with a moving coll, balanced torque fluxmeter; so the current
flowing through the coil at balance varies inversely with B, The
kinetic energy of a particle which passes through the spectrometer

is therefore given non=-relativistically by

E = — 2 (‘2'3)

where M is the mass of the particle, I is the reading of a

pot
potentiometer across a resistor in series with the fluxmeter coil
and CI is a constant, The ratio CI/M was determined for protons

by the celibration. For accuracy one must again include the effect
of the target guard potential; so that the energy which a particle

passingthrough the specirometer had when it left the target is

o 2%
T B e - 7 (o 1Y
oo 2 Vg 4 \cos)
¥ oI
pol

The relativistic correction is again less than 0,075 per cent. The

determination of CI/M Wwas performed with the spectrometer at 90 degrees



and was repeated seversl times during the course of the sxperiments,
its valme was found to remain constant to within 0,2 per cent.

The scattering angle accepted by the spectrometer is
calculated from the spectrometer angle setting, assuming the proton
beems entering and leaving the target chamber are exactly 10 degrees
from horizontal, The zero scattering angle is set by passing the
direct beam from the analyzer exactly through the center of the
spectrometer and setiing the prolractor vernler to zero degrees,

The 10-degree beam angles were carefully checked during construction
of the apparatus; so the uncertainty in the scattering angles is
believed to be less than (.1 degree,

The radial exit slits of the spectrometer, which determine
the resolution of the instrument, were measured with a comparator
to 0.0001 inches, This corresponds to an uncertainty of 0,7 per cent
for the smallest slit, The solid angle apertures and the counter
efficiency were calibrated together by studying the protons elasti-
cally scattered from copper, assuming pure Coulomb scattering, A
previous test on copper using very small apertures measured geomet-
rically had indicated that the Coulomb cross section was valid. For
the calibration calculations 1t was necessary to know the stopping
cross section for protons in copper, and the resultis of'warghaw(?ﬁ)
were used. The stopping cross section of copoer and the assumption
of pure Coulomb scattering introduce a probable error of about

5 per cent in the absolute magnitude of the solid angle calibration,



It was thought that perhaps fringing fields, second order
focusing effects, or slight misalignments might change the spectro-
meter energy or solid angle calibration with the scattering angle,
or might make the solid angle celibration depend upon the size of
the spectrometer exit slit, The energy calibration was therefore
checked at six different scattering anglzs and found to remain
constant within a probable error of 0.2 per cent, The solid angle
calibration was repeated for esach entrance aperture and exit slit
combination at 90 and 160 degrecs and for one combination at ten
different angles between 30 and 160 degrees. The maximum probable
error found for any solid angle value was 2 per cent,

The current integrator capacitances were measured by
Js W. Reeds to 1 per cent, The integrator firing voltage was read
each day to 0.4 per cent. The resolving time of the counting
system was measured, and a8 counting rate correction curve was drawn,
The leakage rate of the integrator capacitors was measured daily,
and the number of counts was also corrected for this effect. These

corrections never totaled more than a flew per cent,

3. Preparation of Targetls.

The bottom of the target chamber was fitted with an

evaporating oven for making tergets under vacuum, The targets
7
consisted of layers of natural lithium (92.5 per cent Li )
2

deposited on a copper backing, The layers were made very thick as

the high resolution of the spectrometer gives the instrument the



o 1] e
ability to isolate a thin lamina st any desired depth in the
targel material,

The targel was held by 2 mounting equipped with s
protractor, with which the angle betwsen the target normal and
Lhe incldent beam could be set at a given value to within .25
degrees, The corresponding uncertainty in the scattering dats
is less than one per cent, The tarpget mounting also had 2 vertical
ad justment with ten accurately reproducitle target positions,

This adjustment enabled one to make full use of each target, and
to compare the conditions of various parts of each target,

Much Lime was spent during the course of the experiments
in the attempt to obtain satisfactory targets. The requirerments
wers a shiny mirror surface, no internsl contaminations, and s
minlmun of surfuce layer contamination, Contaminations were
determined with the snectrometer by running = momentum spectrum
or "profile” of protons scatiered by the target, The target
chamber was pasped direchly by ac zuxiliary pump sgulpped wilih o
liguid air trap, and ancther liguid air trap was installed which

ran the length of the target chamber, vassing about 2 centineters

’

. . o s s . 0 .
from the target, With this arrangement vacue of about 5 x 10 “mm. Hg

were maintelined in the chember during the experiments, By carefully

outgassing the 1lithium furnace for several hours before meking a
=

target it was found poscsible to keep the pressure below 10 7 mm, Hg

even when evaporating lithiuvm, Wevertheles~ it was found necessary

&

to deposit the lithium as rapidly as possible in order that the
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target not be slightly contaminated throughout with oxygen due to

continucus oxidation of the materisl as it was deposited, By

trisl

used.

P

nd error a depcsiting rate

jas determired which gave &

-

with no detectable internsl cortaninaticn and a true

surfsce, However, after such a target was made the surflace
oxidized even though a high vacuun was mainbsined; so
werc not kept tror longer than one day even 1f they were nob

Bombardment of a target with the proton beam deposited surface

contamination layers of carbon and oxygen; thercfore the condition

of the target was checked frequently during runs and fresh targets

were prevared whenever needed, Heating the target was found to

oractically eliminate the carbon contamiration, but it also made

the lithiuwm surface oxidize at a much greaster rate; so the targets

were used unheated,
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1. The Generzl Cross Section Formule,

In any nuclear rezction the total cross section for the

reaction is defined as

T = Totel vield of reaction
Disintegrable nucleil ver unit area zlong incident bean

where the totsel yield 1s the number of disintegrations per Ineident
particle, and a disintegration is broadly deiined as the occurrence
of the process of interest. In general, the yield will depend

upon the kinetic energy of the particles in the incident btean

(for our purposes ve may assume the target nuclei are at rest in

the laboratory system), and will have a non=isotropic distritution
zbout the direction of the incident veam, If for each disintegration
exactly one particle of type p is produced among the rezction

products, wve may define the differential cross section

do(E,e) _ Tp\Es8)

k-3

alfl Nt

o~
(W)
@
i
~

where y (E, ) iz the yield of particle v per unit solid angle

at angle © with the incident beam, ¥ is the musber of disintegrable
nuclei per unit velume in the target materizl and £ is the thickness
of the target along the line of the incident beam, E is the enercy

of the incident particles when traversing t, Since the particles

iose energy as they iravel through the target material, T is known
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only within a finite range which depends on the magnitude of t,
In a detector sensitive to product p of the reacticn,

the munter of particles recorded ig

a, = nIly&(E,@) (3.2)
where n is the number of incident particles, fL is the solid angle
subtended by the detector at the ftarget, and 8 is the angle btetween
the directicn of the incident beam and the line of flight of the

detected particles. Thus

a@(E,e) 1 n_(E,8) 1
= . e (3.3)
an n n Nt * e

These quantities are all measurable, The solid angle
may be determined gecmetrically or by calibrating on a reaction
where everything else is lknown, If each incident particle carries
charge Ze the totsl number n may be determined by allowing the

beam to charge a capacitance € to potential V, so
n = CV/Ze. (3.4)

np is the nunber of counts recorded by the detector, and N is
easily calculated from the chemical formula, density, and isotopic
abundances of the target. This leaves the target thickness t to
be determined, and it is the measurement of this quantity which
usually presents the greatest uncertainty,

It should be emphasized that n represents the number of
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paerticles coming from exactly a thickness t of the target material,
Since particles lose an amount of energy in traveling through the
target according to the distance traveled in the target, the
reaction products from a target of finite thickness are found in

a finite range £ of energy or momentum., If the detector used is
selective in energy or momentum and accepts particles only over a
spread § s then the detector itself determines the thickness %

of the eftective target if § < Lo This condition enables one

to use a thick target and to calculate the actual resction thickness

t from the properties of the detector,

2, Detection of Charged Particles with the Varisble angle Spectro-
meter,

As a detector of charged particles the magnetic specto=
meter is particularly suitable, It has high resolution and there-
fore enables one to select a very thin target lamina from a thick
layer of target material, The effective target thickness t and the
bombarding energy F are then determined as follows.

Let us assume a rezction of the form A(bp)E where
bombarding particle b reacts with target nucleus 4 producing
particle p and residual nucleus B, 4 beam of particles b is
incident with energy Eip on the target at angle 8, (Figure 4j.

The spectrometer is set to detect particles p leaving the target

with energy E., at angle 9? (&, \E with the incident beam), The

20 LA

incident beem penetrates the target, losing energy, and at any point
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a reaction may occur, IT the masses of all participating nuclei
are known one can calculate from the conservation laws of energy
end momentum the quantity E./E, = a = a(B,, 8, ., ¥ 4 Mo, ¥ , M

& q LTS ‘4/1 ('3’ 14B? U4t U Up? «b)

where E1 is the energy of b immediately before the reaction and

EQ is the energy of p immediately afier,

It is necessary to introduce the stooping cross section
e(E) = 3/NS{dE/dx} where dE/dx is the energy loss of a given particle
per unit length of travel through the target materizl and is a
function of the energy E of the particle, znd where E\ZS is the npumber
of effective stopping atoms per unit volume of the target, c(E)
may be determined experimentally by direct measurements or from
range-energy resulis,.

The energy of a particle b which has penetrated the target

to depth x measured perpendicular to the target surface is therefore

= W _......2.:_........ T
E1 L1B cos 93 Ns Cb(Ei) (3.5)

where §1 is some intermediate energy between By and Eqp. in
hi¥

practice the guantity is of the order of the resolution

E

1B " By

of the spectrometer, and it can be shown thzt under such conditions
one may take Ej = E? in the preceding equation with negligible

loss of accuracy., Therefore if a reaction lakes place at depth x

in the target, a product p produced =l angle QLAB will hesve energy
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XNS
E,= o cos @1

2 1 = ok

g = @ €y (By)e

It will sgain lose energy in escaping from depth x in the target,

and will enter the spectrometer with energy

20~ ®2 7 Cos = Ny €5(B5)

. a : 1
GE1B - Xﬁs ['cos 91 Cb(Ei) * cos G2 ep(E2}] °
(3.6)

For some depth X Ezc‘ will equal the spectrometer energy sstting

EZO’ and the particle will travel through the spectrometer and be

counted, We may then solve equations 3.5 and 3.6 for E1, the reaction

energy, finding

¥E, +E
B = M (3.7)

1 a*f")?

7 i cos @, ap(dﬁi)
cos &, 5b(E1)

where

(3.8)

In practice the target is usually set so that 61 = 82, making
cog el/cos 62 = 1,
To find the target thickness selected by the spectrometer
we differentiate 3.6, with E,' = E, » finding
dx NS
éﬁgo T 7 Cos 91 Gb(g1)(a 4’7)’

it ld@zgi is equal to Se the energy spread accepted by the

20’

spectrometer, then the target thickness selected is just dx/cos 9},
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so that

N
='*33§?‘(Q ) Eb(gi)' (3.9)
o

e |~

We can express this in terms of the resolution calculated from the
width of the detector window, which for a magnetic spectreometer is

given by

P _, Esg
Sp $ 320

U
B

ki
O

20 + M) D

it

where M is the magnification, T, the equilibrium orbit radius and
§ v the radial width of the exit slit of the instrument, In

terms of the resolution, equation 3.9 becomes

1 R ,
— N (a+%) e (E)
t 2&20 s b
) ro (a*n) ,
= (1 +wu or Eyy Ny ab(g1>’

(3.10)
Introducing equations 3,10 and 3.4 into equation 3.3, our expression

for the differential cross section becomes

ad o~ s Ze B
i B8 ¥ WA =E

2

— (o 1) & (E)) (5 0)

(3.11)
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where
E, (M )1/ < M ) M, =M
q = = = cos 8 .o ¥ S A — -
E1 Np + Mﬁ MP + M B ﬁ1 MP + MP
MM , 1/2 | ?
P 3.12
+ e )2 cos”™ 6 ,n (3.12)
B P
and

- - 2
Q= (Mbc * MAO Moo MBo) €

the subscript o denoting rest mass plus mass equivalent of any
excitation., Eguation 3,11 is valid in either the laboratory or

center-of-mass system, depending on which system is used to

express the quantities fl and 8,

2, Application of General Formulae to Elastic Scattering Fxperiments,

In apnlying the above general formulae to the experiments
on the elastic scattering of protons from Li7 described in this
thesis, the following simplifications were made,

The target and residual nuclei are identical in an elastic
scattering phenomenon, as are the bombarding and emitted particles

b and p; so in this case 7 = 0, and equation 3,12 reduces to

=

o

p =2 = n_ + i .2 2 1/242
tCE [m T oS et T (M2 m~ sin GLAB) ]

(3.121)

where m is the mass of the proton and M the mass of the scattering
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micleus. ¥For any given elastic scattering process, therefore, o
depends only upon the scattering angle,

The depth in the target of the actual target lamina from
which data are taken is of some importance., If the lamina is too
deep, straggling becomes very large and the energy resolution of
the date ig destroyed. If the lamins is too near the surface the
exit window of the spectrometer may not be filled, rendering
equation 3,11 invalid. The compromise followed in this experiment
was to operate with the lamine beneath the surface a distance
which wag a constant small mltiple of its own thiekness. Thus as
the proton bombarding energy was varied over the Investigated range,
the setting of the spectrometer was also varied in such a way &s %o
fulfill this eriterion., For such a "following curve', using

equations 3.6 and 3.9 for the depth in the target x/cos 6, ard

the laminz thickness t, the criterion cowXG = nt gives
) 1
by 2220
aE?B - E20 -8 L20 RTR (3.13)
or
.E%Lﬁzl, (‘]+E§nﬂ).
og @ 4

Introducing the constants of the apraratus from equations 2.2 and

2,4 and ignoring the small targel potential corrections we have

[

CI Epot Ipot a (o« R )



so that

":7
. K.

Tpot ot

3

K 1s designated the "following constant, and depends upon the
scattering angle, the constants of the apparstus, the resclution
setting of the spsctrometer, and the "following depth" n in the
target., In this experiment X was held fixed for each angle over
the energy range studled, and n was slways near 4.

Calculation of 81 from the experimental settings of E

1B

and Ezo by use of equation 3.7 is complicated by the fact that the
quentity % is itself & function of E.. However, the variation

of E with i small, ac ip shown by differentisting eguation
9 ng eq

.7, substituting 3.13 and using the definition of c(E):

AV

gy aBy =B, B $(®)
am  (arg)® vy

where n 1s the "following depth" of the target and S (E}) ig the
energy thickness of the target lamina, For these experiments n

was about 4 and (a *+7) near 2; so g, ~ 247 5 (El)' Therefore
one needed to xnow P only within approximetely 0.5 in order to
determine E] within the uncertainty introduced by the finite target

thickness alone, If one ascumes an expression for c{Z) of the form

) = &
=B = oy



o

Where the consbante Cp 2 and b are determined empiricslly from a

curve for c{f), then with 8, = 8, equation 3.8 beccomes

. , a+bE
S 1 € 10) S R
”Z(ﬁ‘) S(E) (CL) ®

(panding about some wvalue EO we obtain

+HE
a+bE o

~

e
=

S
i

1
b{E - & ) log —
(1 + 1 £, log cz}

&)

:‘7& (fl +Lfl"z(:&;\z).
% a

Thus the error in M (E) introduced by using ¥ = §_ = {

z+bh

is A QE) = ('3;) °bE - EO) log -}{ . For iithium, the stopving

eross section £(5) is well represented by the szbove emplrical

formula over the energy range 200 = 1500 kev if one takes a = (.50

and b = 0,00012, Since the present experiments were performed over

Uy

the energy range 400 =~ 1400 kev, we take EO = 900 kev, which give

1,C.71 ‘ -
7a = {2) s A N(E) < 0.05

over the entire range of angies and energy studied, This is seen

to cause an error in the determination of E} legs than oretenth

the energy thickness of the target lamina, which is negligible,
K g vas therefore used throughout this work in the caleulation
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1V, TYE CROSS SECTION FOR THE REACTION Li'{pp)Li .
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i
e

i. Bxperimental Results.

The elastic scattering of protons by lithium wag studied
st scatbtering angles of 50, 70, 89.2, 113, 130, 143.4 and 160
degress in the center-of-mass system over the incldent proton
energy range 360 = 14CC kev, The ratio of the observed cross
section to the Rutherford scattering cross section over the proton
energy range 360 - 500 kev at the angles studied 1z shown in
Figures 5, 6 and 7. The center-of-mass differential cross section
over the energy range 500 - 1400 kev for these angles is shown in
Figures 8, 9 and 10. Tables 1 = 7 give the experimental results
for the differential cross section and for the ratio to the
Rutherford scattering at each energy measured for the wvarious
angles, The maxima in the scattering for proton energies near the
L1 e5 kev Li7(p ¥) and the 1030 kev Li7(pp‘) resonances arc shown
in Table 8, The values given in Table & ineclude corrections for
the resolution effects of the apparatus, while the others do not,

The sources of error and uncertzainiy in these measurements

have been discussed in detail in the preceding sections of this
thesis, The total uncertainty in fthe energy calibration of the
spparatus i1s below 0.5 per cent, and non-linearities and systematic
errors are believed to be less than 1 per cent. The probable error
in the sbzolute magnitudes of the variocus spectrometer solid angle

apertures is of the order of 5 per cent, while the uncertainty



betueen the relative values of different combinztions of solid
angle aperture, spectrometer exit s1it and current integrator
capacitance 1s another 2 per cent., The reproducibility of

results, which is affected by errors in settings, target smoothness
and contamination, straggling, et ceters, was within 5 per cent.
Another 5 per cent uncertainty in the results is introduced by

the stopping cross section of protons in lithium, Taking the

root mean square of the contributing uncertainties, one finds that

measurements is of the order of 10 per cent, and in the relative

magnitudes is of the order of 5 per cent.



7, .
1i (pp)s &,

;:5-

in bharns ‘steradian and ratin

proton energies in kev,

. Ubserved differentisl cross section

to Rutherford cross seetion for ineident

T G‘/q’R a07/an ﬁp c.r/'a;1 da/an Ep Q’/«J‘E ar/an
355 1,12 4e21 458 1.17 2.65 968 .87 o
365 111 3.95 460 1,16 2461 978 .90 o4
75 1.13 3.82 442 1.164 2,58 o83 .96 AET
385 1.11 3.56 L6, T.12 2.48 998 «99 AN
39 1.10 3,35 468 1,15 2,50 1007 1401 A
399 1.09 3425 ALY 1,12 2ol 1017 104 480
403 1,07 3,13 476 1.12 2435 1027 1,08 485
#U7 1,06 3.05 480 1et3 2e34, 1037 1,11 ASS
411 1,07 3,01 L84, 1.13 2430 1047 (VA <498
415 1.05 2.90 488 1.12 2,24, 1057 1.13 485
419 1.05 2.85 492 1.11 2.18 1067 1.12 JAT72
423 1,04 2,76 494, 1,10 2.15 1077 1.11 w459
4277 1.02 266 514 1,09 1,97 1087 1.09 o hdy
429 «99 2456 533 1.09 1.83 1096 1.09 W43
431 100 256 553 1,08 1,68 1106 1.07 o 4R
432 .99 2453 573 1.07 1.56 1116 1,06 A
434 101 2,56 593 1.08 1.46 1126 104 « 39
43 1.02 256 612 1.07 1.36 1136 1,03 .38
438 1.06 2.63 632 1.05 1.25 1146 1,02 .37
43G9 .4 1,08 2,66 652 1.05 1.16 1156 »98 e35
A0 A 1,11 2.72 672 1.03 1.09 1166 1,00 o35
4043 1.13 2.76 691 1,02 1.02 1176 .96 .33
44223 1,18 2,86 711 1,02 .96 1185 <96 .32
4433 1,19 2489 731 1.01 «90 1205 94 o 31
Lhidia3 1421 2.91 751 1.00 84 1225 .01 .29
445.3 1,23 2,95 770 .97 .78 1245 «90 W28
44543 TeR5 2,98 790 .96 W73 1264, .87 025
447,23 o2/ 295 810 95 69 1284 032 024y
4148.3 1.24 2.93 830 .92 YA 1304 .80 .23
44942 1422 2,88 849 .90 «59 1324 .78 211
45042 121 2.84 869 .88 56 1343 .76 .200
451.2 1,21 2.93 £289 .86 .52 1363 A 189
452,2 1621 2.81 SCo :7A W48 1383 .73 . 181
454.2 1,19 2.75 928 W84 W6 | 1403 70 L169
456 1,18 2,70 948 =72 W45
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TABLE 2

Y‘;
s o . . .
i (pp), @L = 707, Observed differential cross section in

i
barns /steradian end ratio to Rutherford cross section for incident

proton energies in kev,

gp 07@& 4q/an 3p oybé de/an gp f/bé ag/isn
354, 1.06 1,19 449 134 .93 671 .92 .29
364 1,06 1,12 450 1.32 91 891 .93 27
374 1.04 1.04 451 1429 .89 710 <90 .25
384 1.04 99 452 1,28 .58 730 290 o 24,
394, 1.03 .93 453 1.27 o587 750 «36 .214
400 103 90 L54 1.21 .82 770 .86 «203
402 1.03 59 455 122 B2 789 72 L1189
404 1.03 .39 456 1420 .51 809 .85 .182
406 104 «59 457 1420 .80 829 .82 167
408 1.04 .88 458 1.19 .80 849 .81 .158
410 1,03 .86 459 1.18 .79 868 .82 .153
412 1.03 85 460 1.18 .78 288 .83 L1247
AVA 1,02 g7 461 S 78 908 .85 W44
416 104 # B4 162 1.17 o 77 928 .91 148
418 1,02 .82 463 1.14 .75 947 1,00 .156
420 1,03 .82 464 Tel4 A 967 1,16 174
422 102 .80 466 To14 .73 997 1,39 .196
423 1403 .51 468 1el2 .72 1007 147 <204,
42/, 1,02 .80 470 1.10 .70 1016 1.50 204
425 1,01 .78 472 1,12 .70 1026 1,51 .201
426 1.03 .80 474, 1.09 68 1036 1,53 .200
427 1,03 .79 476 1.09 67 1046 1.53 .106
428 1.03 o 79 478 1.10 .67 1056 1651 . 190
429 1.03 o 79 480 1ol W67 1066 1047 L181
430 1.04 .79 482 1.09 66 1076 141 171
431 1.05 o719 484, 1.12 .67 1085 1.37 163
432 1,04 .78 436 1,09 65 1105 1.29 L1438
433 1.07 .80 488 1.08 N3 1125 1.21 RER
434 1,08 +20 490 1,10 <64, 1145 114 122
435 109 oS 492 1.09 s03 1164 1,07 L1110
436 1,13 .83 493 1.08 Ry 1184 1,04 104
437 1.15 .84, 494 1.08 .61 1204, .98 . 094
438 1,18 .36 496 1,08 .61 1224, 296 .90
439 1.23 39 498 1.13 NYA 1243 +96 » 027
440 1.30 75 500 1.11 62 1263 .91 .0%0
441 i 436 .98 513 1.05 « 56 1283 .90 L0786
LA2 1,42 1.02 533 1,04 e 51 1303 .88 072
443 1445 1,03 553 1.04 W45 1322 .91 073
Lid, 1647 104 572 100 43 1342 27 . 0B
L5 148 1.04 592 »98 =39 1362 .90 +CE8
L6 1,46 1.03 612 1400 W37 1382 ey L0677
447 1k =99 632 97 A

443 1,40 .98 651 .96 e 32
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TABLE 3
AR 0 , A . R
Li (pp)s 8., = 89,27, Observed differential cross section in
wif

barns/steradian and ratio to Rutherford cross section for incident proton

energies in kev,

E@ mM% de/dn gp qm% ar/an Ep tm% ar/an
358 1.03 e 50 508 .96 «R3 1016 2,172,128
368 1,03 W48 518 .95 .22 1026 2,11 126
378 1,01 odid, 538 92 199 | 1036 2,09 2122
588 .97 W40 558 .90 181 | 1046 2.03 L1116
398 1,00 39 578 .38 «165 | 1056 1,98 . 111
400 1,00 « 39 598 W87 152 | 1076 1.77 096
408 <99 37 617 .55 L1139 1096 1.61 + 084
418 1402 . 365 637 .83 L128 | 1115 1,48 075
428 1,08 .37 657 .83 120 | 1135 1.39 .067
433 1.23 A 677 .20 109 | 1155 1.29 060
434 1428 43 697 79 102 | 1175 1,21 2055
435 1432 o bdy 7 .76 L0892 | 1195 117 . 051
436 1,38 W45 737 77 .088 | 1215 To14 048
L37 1.46 W48 757 .75 L082 | 1235 1,12 046
£38 1.56 « 51 777 015 2078 | 1255 112 - 044,
439 1.63 «53 797 A LO73 | 1275 1.13 . 043
440 1,60 «535 817 .75 070 | 1295 T.12 o 042
L4 1.70 o545 837 W77 069 | 1315 1,14 041
L2 1.68 «537 857 .80 L068 | 1335 1,18 041
L4, 1,61 o 51 896 «93 072 | 1274 1+25 041
448 1.37 o3 916 1,05 078 | 1394 1.27 041
458 1.08 032 936 1,23 .088
468 1,01 e29 956 Todd, 098
478 .97 27 976 1.74 114
488 96 025 996 2,00 .126
498 .96 o2l 1006 2.10 .130
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TABLE 4

Li7 (pp) By = 110°, Observed differential cross section

in burus/ steradian and rabtio Lo Rutherlord cross sectbion for

incident protorn energies in kev,

Ep m@é dae/dn }% q@k da/dn Ep qu de/an
359 .99 .26 L4l 1.64 .28 817 .75 .038
369 97 o2 L5 1454 .26 837 .82 .039
379 97 023 L6 1a45 25 857 093 043
388 .98 .22 LA 1434 .225 877 1.03 045
398 .08 .21 L8 1.27 .213 897 1,19 .050
400 .98 205 450 1.15 .191 917 1442 057
402 1.00 .208 452 1.02 1568 937 1.76 068
L0, .99 206 454 1,00 1564 957 2.16 .079

406 1,01 <206 456 .95 .153 977 2.58 091

408 .99 .200 458 .95 .153 987 2.79 .096
410 .96 192 462 .91 o 144 997 3.03 102
412 1.00 108 466 89 » 139 1007 3.15 105
414 1.02 .200 470 .89 37 1017 3.21 04
4,16 1.01 .196 474 .85 128 | 1026 3.19 102
418 1.02 .198 478 84 24 11036 3.1 .98
420 1.03 196 482 .88 128 11046 3.0t .093
422 1.06 200 486 .85 21 [ 1056 2.93 .088
424 1.09 «203 490 A 117 11076 2.63 077
4,26 1.16 215 494 84 L1715 11096 2,37 067
428 1.15 211 498 .85 12 11116 2.17 059
429 1.21 221 518 .83 04 | 1136 2.00 052
430 1422 .22 538 .81 094 [ 1156 1.91 048
431 1426 W23 558 .78 L085 | 1176 184 045
432 1.31 o2l 578 76 L0771 1196 1.81 043

433 1.37 ] 598 JT4 L070 1216 1.78 041

L34 1oty +26 518 W73 L0604, | 1236 1.76 039

435 1.49 27 638 73 L060 | 1256 1.78 ,038
436 1.59 .28 658 .69 L054 | 1276 1.87 .039
L37 1.67 <29 678 +69 .051 | 1296 1.90 ,038
438 1.74 +30 698 67 046 11316 1,97 .038
439 1.85 32 717 67 044, {1335 2.03 .038
440 1.87 .325 737 .68 042 | 1355 2.2 .039
LA 1.84 $32 757 .69 041 11375 2421 .039
L42 1.82 .31 777 .69 .039 | 1395 2.31 040
443 1.72 «29 797 73 <039
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TABLE 5
Li7 (pp), Oy = 130°, Observed differential cross section
in barns/steradisn and ratio to Rutherford cross section for

incident proton energies in kev,

Ep o—/a~R as/an Ep v/oi.{ de/dn Ep 0'/0'R ae/an
359 94 .160 469 77 .079 960 2,92 LO71
369 97 160 479 .73 072 970 3.28 079
379 W95 149 489 .72 .068 980 3.64 .085
389 96 JA43 499 .75 068 990 3.96 091
399 .95 134 500 .76 « 068 1000 LeR5 096
403 97 34 520 77 064 1010 Lel8 .099
407 .98 132 540 .76 059 1020 4466 101
L1 «96 . 128 560 o 74 053 1030 Le59 097
415 99 .129 530 72 .048 1040 452 .09/,
419 1.03 132 600 .69 .043 1050 4e39 . 090
423 1,07 .135 620 .69 .040 1060 LaR2 .084
427 1.18 J46 640 .66 .036 1070 4400 079
429 1.26 154 660 .65 .034 1080 3.92 .077
431 1.31 .158 680 66 .032 1090 3.70 .070
433 1445 V7L 700 .65 030 1100 3459 . 067
435 1.61 .192 720 .66 . 029 1120 3.32 060
437 1.85 218 740 .67 .028 1140 3.15 .055
438 1.92 .226 760 .68 027 1160 3,02 .050
439.3 1.97 .230 780 72 .027 1180 2.93 L0477
40,3 1.99 «231 800 77 .027 1200 2.92 046
L41.3 1.95 225 820 .85 .028 1220 2.88 .043
4423 1.92 W220 840 .92 .029 1240 2.91 J0L3
L4433 1.75 .200 860 1.06 .032 1260 2.93 <042
L5 1.49 169 880 1.23 036 1280 3.03 + 042
Y¥A 1.22 137 900 146 2041 1300 3.10 2041
449 1.12 125 910 1.63 044, 1320 3.21 041
453 .91 100 920 1.83 <049 1340 3.32 <042
457 .80 .086 930 2.05 053 1360 3.41 L042
461 .82 .087 940 Re34 060 1380 3.56 042
465 .79 .082 950 2.63 .066 1400 3.65 042




11’ (pp)s ©

CH
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TABIE 6

= 143.4°.

Observed dillerential cross section

in barns/steradian and ratio to Rutherford cross section for incident

proton energies in kev,

L, T/, av/an B, ofey, de/an| = 0/, doAn
365 .99 .139 448 1.15 107 618 .58 . 029
377 <99 «130 449 1,14 106 638 57 . 026
389 .96 119 450 1.13 104 657 .57 025
395 97 116 451 91,084 677 .57 .023
401 .98 LA14 452 90 L082 697 «59 022
403 95 J09 453 89 .08 717 <39 L0214
405 .99 .113 454, 90 082 737 .60 0206
LO7 .97 109 455 B9 L080 757 .62 0202
409 1.00 112 456 92,083 77 .67 .0208
411 1.00 110 457 94 08 797 .73 L0215
/13 1.02 112 458 87 078 817 .79 .022
415 1.06 JA15 459 J9 L0070 837 .87 .023
L7 1.16 124 460 90 L079 857 1.1 .028
419 1.04 10 461 .83 073 877 1.17 .029
421 1.08 114 463 .78 .068 897 147 034
422 1.01 J06 465 .85 073 917 1.86 <041
423 1.25 .130 467 J76 L065 937 2.36 .050
424, 1.15 119 479 81,069 956 3.10 064
25 1,17 121 LT J73 0 L.061 976 3.85 075
426 1.21 124 473 T 064 996 Lo 57 .086
427 1.16 119 475 JT 064 1016 5404 091
428 1.16 .118 L7 .83 .068 1036 5,12 . 089
429 1.36 .138 479 J75 061 1056 L85 .081
430 1.31 .132 481 J76 061 1076 Lo T 072
431 134 135 483 J15 060 1096 Lold .06/,
432 1.39 .139 485 J73 0 .058 . | 1116 3.91 .059
433 1446 145 487 7 L061 1136 3.72 . 054
L34 1.50 149 489 J6 060 1156 3.54 049
435 1.61 159 491 82 063 1176 3453 048
436 1.74 o171 493 76 « 059 1196 3,47 045
437 1.86 .182 £95 L1 062 1216 3454 2045
438 1.97 192 497 79 L060 1236 3.53 +043
439 2.08 $202 498 H6 050 1255 3.53 .043
440 2.12 .205 499 78,058 1275 3.71 <043
L1 2.12 .204 501 W82 061 1295 3.79 042
442 2.02 .193 518 b6 046 1315 3.87 L042
L4, 1.73 L1164 538 6O 04 1335 3.97 042
L4L5 1.58 149 558 63,038 1355 413 042
L6 1,41 .132 578 b1 034 1375 4e20 « 041
LT 1.29 L121 598 .58 L.030 1395 A 042




proton energies in kev,

barns /steradian and ratio to Rutherford cross section for incident

M

= 160°,
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TABLE 7

Cbserved differential cross section in

E cyvh do/dn Ep g/o. 3do/an Ep o/o, do/an
373 1.00 116 LT L7 L0063 888 1.67 + 034,
377 99 JI12 476 J6 054 898 1.91 ,038
381 1.01 L112 481 B0 L0556 908 2,10 041
385 1,02 111 485 77 .053 918 2,30 $ 044,
389 1.00 107 187 73 L.050 928 2.62 <049
393 1.03 07 489 78 053 938 3.03 . 056
397 .99 .101 491 .81 054 948 3455 064,
LO1 1.02 102 493 .76 050 958 3.94 . 069
405 1.03 .101 495 76 050 968 Le36 075
409 1,05 101 497 7 L050 978 4094 .083
413 1.05 099 499 7 .050 988 5656 .092
417 1.11 .103 501 76 049 998 5.98 . 097
419 1412 .103 503 A7 L0499 | 1008 6.30 .100
421 1.19 .108 519 L4 W04 L1018 6.70 104
423 1.16 2104 539 1 J040 | 1028 €.79 104
425 1420 £ 107 559 70 L0036 1038 6.88 L1003
427 1.24 110 579 A8 033 [ 1048 6.74 «099
429 1.37 .120 599 H6 030 | 1058 6.52 094
431 1447 .126 619 68,029 | 1078 6.15 .085
433 1.62 139 639 60 024 | 1098 5.64 076
435 1.81 154 659 BT L0223 11118 5440 ,070
437 2.03 17 679 B4 ,0224 11138 5,19 065
438 2,12 .178 699 62,0205 11158 5,01 060
439 2.19 .183 719 BT 0210|1178 4499 .058
L0 2,26 .188 739 66,0195 11198 487 .055
L4 2.21 .183 759 0 L0197 | 1218 4,76 .052
442 2.10 74 779 J1 0 ,0189 | 1238 4e89 .051
443 1.95 .160 799 86,0218 | 1258 495 .050
445 1.69 .138 809 90 L0222 | 1278 496 . 049
LATT 1.33 107 819 .92 ,0221 | 1298 5420 .050
L9 1.12 .090 829 96,0226 | 1318 5,25 049
451 1,00 079 839 1.10  ,025 ]1338 5,38 . 048
453 .93 073 849 1.12 025 [1358 5640 . 0L7
456 .88 . 068 858 1.23 027 |1378 5.60 . 048
461 81 . 061 868 1.39 .030 | 1398 5470 . 047
L66 R:7A 062 a78 1.47 031




Yaxima of the observed differentisl croes section and of the
retio to Rutherford cross seetion nesr the 441 and 1030 kev anomalies
at varicus center-of-mass angles. These values have been corrected for
the effects of regolution in the asvaratus. Note that at angles
greater than 100 degress bthe results near the 1030 kev anomaly indicate

sphericsl syrmetry.

o ? 50° 70°  g9.2°  110°  130°  143.4°  160°
o W1 e 170 1,82 2.00 2,16 2.08

KoV ge/anll 2,97 1.04 L549 L3028 .233 207 .190

v .
o 11, 1.5 2.2 3,21 4.64 5415

fon
°

G
oY

1030

1
LY sefan L9 L2204 J129 J05 0 091 04




<. Discussion of Results.

The cross section for elastic scattering of protons by

i has previously been studied by Trown, Snyder, Fovler and
G L . .
Laurilsen at 89,2 and 143.4 degrees in the center-of-mass

ichards (15) at 106,7 derress, The work

‘Vu

system, and by Bashkin and I
of Prown, gt al., wuis done in the same laboratory zs was the present

work, The two results at 143.4 degrees

8
n
[$5]
*4
&
o
3
]
=
$C
[43¢]
ol
o
ko
Ll
ot
=1
0
o

ver cent

sgreement over the entire

recalculated using the curve
which was measured and used in the present work., However, this
correction leaves Brown's results at 89,2 degrees up to 20 per cent

lower than the present results., Because of improved experimental

techniques, the present results must be assumed to be the bebter,

Bashkin and Richards give ~ 0,08 barn/steradiszn for the maximin

-

differential cross section near the 1030 kev anomaly at 166,232 degress,

fg

A8 thelr uncertainty is 20 per cent, the agreement with the present

WorK ig within experimental error,

A theoretical anslysis of the reaction Li' (pp) is cor

y;;

By the fact that the ground state of L1 has non-zero angulur momentum,
This fact also means thal, exceot ir the case wnere Lhe reiztive
3 P

sngulsr momentu m @ of the affective incident proton waves Ls zero, &

guler

coupling scheme Ly which one can srrive at a given totsl

momentum state of the compound nucleus is not unicue. Since the

1

sngular distribution of the scabiered probonys devends on Lhe Lyoue of
g FLiY
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counling, one expects an analysis of experinental data to provide

information 2hont the coupling of ue vestors in the
nucleus. If one specifies the type of coupling exsctly, as Russell-
Szunders coupling, a definite angulzr distribution of the rezction
products is expected. The question of coupling may be sidestevped by

introdueing the chernel spin S; which is the vector sum of the spin
3z of the incident particle and bhe total angular momentum I of the
target nucleous. FPor an incident particle with ¢ = 1/2, 5 has two
values, fI ~ sl and I * s. The contributions of the two channels

to the formetion of a given compound stabte of total angulur nomentum
J are independent, and ths theoreticsl angpular distribution of the
reaction products mey be expressed in terms of an additionz] parameter,
the mixing ratio t, which represente the ratio of the contribubtion of
channel spin Sul bu Lhal of channel spin 3,. This parameter is then

<.

eveluated experimentslly

The anguiar momentuwa of the ground shalte of Liv is known to
be 3/Z2, and its parity is generslly ascumed to be odd., The gpin of
the proton is g and its parity is taken as even., The available
chanrel spins are therefore 8 = 1, 2, and the channel parities are

&

odd, Incident proton waves with 1 = 0 can form only comoound stateg

with I = 8, odd parity, and there is no arbitrariness in the coupling

scheme, However, incident proton waves with £ = 1 can form compound

D

states with J = O from channel spin 1, states with J = 1 and J =

&

from both chamnels, anc . cates with J = 3 from channel spin 2, 21l

with even parity., The nonexistence of alpha particles corresponding
s S e I £



. a4 .7 ; ;
to the 4.1 kev L1 (p X) rescnance enables one to agrume that the
o

. . S " :
related state in RBe” dnes nolt have both aven sanppliar momentun and aven

>

parity, consequently we need be concerned only with the possibllity

that this sbtate has J = 1 or 3, i itis formed by p~-wave orotons.

"

.

A preliminary theoreticsl analyels of the wresent data hasg

Ela

=

been performed, using the single~level formulation given by Cohen'”’,

the maximm

=

Some of the theoretical curves for the angular variation o
ratico of elagtic scatltering crog: section to Rutrerford cross section
near 441 kev are plotted in Figure 12, with the exveriments]l values

included for reference. The hest it the data is ovtained by

assuming & J = 1, even pariiy, state in Fe  formed by v-waove protons,

Jith a mixing ratio t = 1/2 betwe r channel spin 1 and charnel

spin 2. In this case the theoretical angular distributions of the

agsociated gamma rays sre 1 + 0,1€ cog & for the 17,6 ¥ev radiation

240 \ PO
and 1 + 0,015 cos™ @ for the 14.8 Mev radiation, The fit if one
essumes a mixing ratio t = 1/5, which corresponds to the "LS" aszign-
3 . . .

ment S] and wilch is necessary to explain the isctropy of the gamms
e o s (7)) .

radistion found by Devons and Hine s is not guite so good; tut this

possibility is certainly not excluded. 4 more rigorous theoretical

b

treatment would undoubtedly be advantzgeous. However, it secms clear

[N
{n

that the poselibility that the state is formed by s-wave orotons
definitely excluded

Hear 1030 kev, the differential cross section results for
scattering angles greufri than 100 degrecs are consistent with
spherical symmebtry, which indicates that the rezctlon is induced by sg=-

wave vrotons. Single-level theoretlcal curves for the angular varistion



of the chanre in magnitude of the ralio of the cross section to

Rutherford near 1030 kev, assuming 2= 0, are plotted in Figure 13,

D
il
-

The it to the data of the curve for js pood qualitatively, and
within about 25 per cent quantitatively, The effects of broad
resonances above 1 Mev and the Influence of competing reactions, bhoth
of which are neglected in the present theoretical treatment, can easily
be blamed for the lack of cuantitative fit, Again a more rigorous
theoretical treatment would be advantageous,

In conclusion, the resuits of this experiment indicate that
the 17,02 Mev level in Beg has J = 1, even parity, and is formed

from Li’ by p-wave protons., The 18,14 Mev state has J = 1, odd

parity, and is formed by s-wave protons,



V. THE STOPPING CROSS SECTION FCR PROTONS IN LITHIUDM

It can be seen from the preceding sections that, with the
exverimental methods outlined, the accuracy with which a scattering
eross section ean be mesgured is no bhetter than the accursey with
which the stopping cross section for the scatiered particlie in the
target material is known. The stopping cross section for protons
(16)

in 1ithium metal wae given in 1938 by Haworth and King for

proton energies from 35 - 400 kev, They compared their results
with the theoretical expression of Livingston and Bethe(WT), and
found the value I = 32 ev for the average ionization potential of
lithium metal. Their experiment was performed by comparing thick
and thin target yields, making use of the ratio of the stopping
cross section of lithium to that of air given by Mano(jg). Their
result differed somewhal from the value I = 38 ev given by Mano
for alphs particles in lithium,

Since nec measurements had been made in the energy range
of interest in these experiments, it was decided ‘o measure the
relative stopping cross section for protons in lithium over this
range., By normalizing the results to the theory at higher energies,
the correct shape of the curve over the range of iunterest could then
be determined. It was also hoped that the cuality of the fit to

the theory over the entire energy range messured would give an

indication of the accuracy of the assumed value for I in the theory.



1. Bxperimental Procedure,

The method used was extremely simple., The equipment

the energy of protons scattered from the surface of a clean copprer
target, A very thin layer of lithium was then deposited on the
copper, end the measurements repeated., The proton energy lost

in vassing through the lithium layer before and after being scattered
by the copper could therefore be determined,

This work was performed at a scatiering angle of 130
degrees. The scattering from clean copper was done at ion energies
of 450 and 1000 kev, using the H+ and HHH+ besms, This experiment
checked the previous calibration of the apparastus and indicated
that the calibration was linear within 0.1 per cent, allowing the
scattered proton energies to be calculated confidently at other
vombarding energies., The thin lithium layer was then deposited,
and the energy loss measured for bombarding ion energies of 450,

600, 800, 1000 and 1350 kev, using the H' and HHH beans,

2. Celculations and Results,

Assume a beam of protons inecident on the target with

energy B If the target is copper alone, protons scattered fronm

1e°
the surface will have energy B

where E_ . = a(Cu) a{Cu) is

28 2B

given by equation 3,.12a, in which M is now the mass of a conver
g ¥ eq ’ 2!

;&1 }:(0

nucleus, If the target is lithium on copper, the protons lose
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energy zi‘ﬁ’ili while traveling inward through the lithium and energy
LB, wiile escaplng from the layer after being scattered; so those
£
scattered at the copper surface enter the spectrometer with energy
B where
R0

; = /72
EZO a(Cu) (¥

- AF - ST
A ) L

1B

Protons scatlered by the thin lithium layer during transit will
have energies much lesz thsn EZO since more energy is taken by

the recoil of the light lithiup nuclei than by the recoil of the
heavier copper nuclei., Conseguently these protons are not accepted
by the spectrometer, The energy losses /E

1 and AEZ in the layer

may be expressed in terms of the stopping cross section of 1ithium,

so that
S X =
£@1 E\Js cos 91 C(L1>
N kS X " T
Lﬁ2 Ys  cos 82 & I:.’2}

where x is the thickness of the lithium laysr, and E, and E, are

some intermediate energies in the layer of the incoming and outgoing

beams, respectively., Thus, if the target is set so that @} =B,
“<

the measured erergy loss due to the presence of thelithium layer is
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E., =EK..~FE = glE., v L5 5470
3 2o 2B 20 T2 (5.1)
=N — aclE,) + e(E.)]

- cos g} [ Y i) \ 2}.!9

where ¢ is a(Cu),

Expanding Z(E?) and «(%,) about some energy E s we obtain
£, a

i
X - o de i pueg = N
E Nt ) e{By) Y= af, + 0, = (u + 1)1
JJ”ZO Y Ccos s (0 +1) e{By) 3% [a 1 > (a /o
.i"'..’.s:x
1 oa?e | ., .
i £ g £ v P4
A wme cvm—— r(}' % - 3 + B - E 4+ se0
) ,nn2 ¥ - \ 1 K} \ o )X]
£ T i J
E:Ex
d21 + E
Setting Ex =T T to eliminate the first order term, we have
i, +E
% 1 2
8B, =X {q + 1
26 s cos & \ ) a *+ 1
] d2 2
£ a fond = .2 -
- 2 (.rj_!} e ;&2) + maes ° ().2)
2 dE g+ 1

T =E
nd é

Ty
4 . o = =\ a\n -
To determine E@ and E2 we set £(E) = C/ETY /. Over a smell energy

)

“ 1

variation, 2{B) o that taking a(E

b
U

emaing essentially constant

s

i

1

= ags and a(B.) = 8,5 WE DEY write
@

=
£
d
3
&

5 cOs @E &{§1) &(E)



z,
a B g a, 1 a, i
e, B = 5 dE = B, . = (B, - AF .
B 5 [ LB TR s iy P
“4.1:8 L....:u,i
Jolving for ﬁ? we obbain
TN i iﬁq <
z :E 1 - o st ) /a --] wcs— + s es
Ep 7 5 7R AR S TR A o
1B [
(5.3)
=

and similarly for E, we obtain

5
_ L 1 rE\

f = & 1 A - - dr — 8 ..i\ — 4 S0
B, =By 7 F T &

20 ) “Zo
{ A
If we ignore the second=-order terms in equations 5.3 and 5.4,

and use equation 5.1, we may now write

AT

i
- -2 q
af, + T .. +E $n 7F
B o=t 2 . 2B 20 20 1 .
% a + 1 a + 1 2(a + 1) £,
P
—-—-éa

ZE,

The second term of this expression was found to be apout 2 per cent

of the {irst term; so the second term was evaluated by setting

ﬁEP z:ﬁivg) ‘
—= = —== and taking values for £(¥, ) and (¥, ) fron the
i &(E1B) 26 1B

theoretical stopping cress section curve., The effect of the

second~order terms in eguations 5.2, 5.2 and 5.4 was investigated



i
I~
1)

i

by successive apvoroximstion and found to be entirely negligitle
for the accuracy attainable in this experiment, The expression

used in calculating the final results was therefore

N T v - T 1 . -
Bop " Bp ,Eap~ By M -0 Eop ~ Epy
€ a + 1 2(a + 1) 7’ + a B

+
where B = NS fégag*ll and was a constant of the target angle and
e

of the particular lithium lszyer, and where ‘7 Vo= i(i?o) .

The constant B was evaluated by normalizing the
experimental results to the theoretical expression of Livingston
and Bethe at a single point, B = 951,7 kev, using the value

= 32 ev given by Haworth and King, The fit of the remaining
experimental points to the theory isc shown in Figure 11, It cen
be seen that the fit is very good over the energy range studied,
indicating that the theoretical expression is valid over this
range. The theurstical curve with I = 32 ev was therefore used
in calculating the L17 (pp) cross sections., The relative values
measured in this experiment, which should be accurate to 3 per cent,
are given in Table 9 in terms of the value a2t 951.7 kev,

After this work was completed, it was pointed out to
the author that recently an absolute determination of I for lithium

has been made by Bakker and Segre( 9)

s Who give 1 = 34,0 ev within
about 10 per cent. This is seen to be in agreement with the result

of Haworth and King., Since =z difference of 2 ev in I makes a
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about 2 per cent in the llthium stopoing cross section,
this agreement in conjunction with the results of the present
it
sxperiment indicates that the uncertainty introduced into the 1i {pp)
cross sectiong by the use of the I = 32 ev theoretical stopping

crosa sechtion curve is of the order of 4 per cent,

TARLE 9

The stopping cross section of protons in lithium metal at

varicus energies, referred to the value at 951, 7 kev,

™
o~
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1
el 1)
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° .
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L] L] L4
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(S AR SRV Y

404,40 1,81
4043 1.79
e 1643
760.3 1,17
951,7 1,00
1299,2 0,865



AFPFERDIX I.

...... v Y
CORRECTION FOR SCATTERING FROM Li~ AT FUORMACD AnGLRS,

Since natural lithiuwnm metsl wae used for the tarsets in
‘
this experiment, Li~ wag present in its natural sbundance, i.e,,

0.7%, The high resolution of the spectrometer made it possible to

7

separate the proteons scattered by L1  from those scattered by Li6
at scattering angles grezater than 80 degrees, However, al more
forward angles particles scattered by both isotopesz were counted
and & correction Lo the observed cress sechlon Was necessary.

let us denote the two isotopes, of abundances 4 and A%,
by unstarred and starred symbols, respectively, If the detector
were able to differentiate between particles scattered by one or
the other isotope we would have, from equation 3,11, at given

values of the bombarding energy and spectrometer setting,

n_ ZeR

OO

5 T t. ) n (B
afr T X, (a+ %) el)) v (8, 6)
L F N ZeR .
ST s S e (TN (¥ 4 #) pR{E*,. &
dn (“‘g’ e) N* 20%_;” C(ﬁ:l) L )z ) np(ﬁ’*‘ 9 8)
Fd vl
N ‘ N . ) , .
where ra = 4, and ﬁﬂ = L%, E} and E%‘are the reacticn energies
s 5

corresponding to E, - and E o {equation 3.7). However, if the

2

detector does not differentiate between the two sets of particles

it counts Np = nD +n If we are interested in the cross secticon

£

p*’
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of the unstarred isotope, we therefore tzke np = ND - N

& <

Substituting this in the above equations, we obtein for the

unstarred cross section

do o (a +vq) e(8,) ag*
407 2 —2 L E*.5)
a (E,8) d.n v (a¥ v ) e.(Eg‘v) d L (53,8)

where d,vb/dfl is the unstarred cross secticn ag calculated from
the obsgerved number of counts,

Expressed ag the ratio 1o Rutherford scatierine, we have
p tal4

o s ¥ (a +7) E:(E1) g—*(E?,Q)
N (a* v %) e(BF)  0,(E,,0)

Eyd

For the separation of the lithium isotopes, taking Li’ as the

unstarred isotope, H¥/N = A%/4 = 0,081, If the scattering from
Lié is assumed to Le given by the Rutherford scattering lsw, the
remaining factors in the correction term give a product which for
this exveriment was always very nearly unity., Therefore if the
spectrometer accepts protons scattered by both L17 and Lié, the

. 7 , L
ratio of the Li scattering cross seetion to the Rutherford cFoss

section is given by

- T
R R

This correction was apnlied to the results at & p = 50 and 70 degrees,

C

The Lié Rutherford scattering assumption was checked at



- LB -

400 kev and found to be true within about 20 per cent, The

] Wiin and i (15) 6 . .

resuits of Bashkin and Richards on Li (pp) indicate that it

is also very nearly true at 1200 kev for scatiering at 166 degrees.
. . 7 .

However the presence of levels in Pe al proton energies near

900 kev {broad) and 1820 kev throws some doubt at other energies,

Consequently the Li/(pp) results at 50 and 70 degrees may be

severzl per cent in error due to this cause,
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