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ABSTRACT

A low energy group c¢f alpha particles has been found to
result from the reaction BLO(p a)Be”*, inaicating the existence
¢f an excitec state of Be’., Observation of this group and
separation ¢f the group from protons elastically scattered by
the thin BlO targets was made possible through high resclution
magnetic analvsis supplewented by absorpiion technigues. The
excitation c¢f the state is C.434 + 005 Mev, and the Q-value
¢f the reaction t¢ the ground state is 1.148 + 006 Mev., The
g-value of the reaction to the excited state 1s thus C.714 +
008 Yev. On the basis of approximately equal neutron-neutron
and proton-proten ferces, the energy difference bvetween the

7 can be accounted for as electro-

greund states cof 11’ and Be
static energy, using a reasonable value of average separation
of protons in the two nuclei. The energy difference between
the state in Be? at 0.434 Mev and the state in Li’ at 0.478
Mev can bte similarly accounted for, if a small increase in the
gize ¢f the nuclei over their size in the ground s%ate‘is
assumed. These results indicate that the ground states of the
two nuclei may be considerea cerresponding states, and that the
excited states may also be &c considered. In the reaction to

7 a rescnance of abeout 0.28 Mev width

the excited state in Be
exists at 1.51 Mev proton energy, and is observed in the vield
of voth alpha particles and gamma rays. In the rezction to
the ground state there ls a rescnance 0.85 Mev wide at 1.06

¥Mev proton ensergy, and there is some indication of another at

avout L.d Mev,
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PART I - INTRODUCTION

If in two nuclear specizss the number of protons in the
nucleus of each is equal to the number of neutrons in the nu-
cleus of the other, they are known as "mirror nuclesi®., Sevaral
guch pairs of nuclei are known among the light elements, exam-

ples being H3 and He3, Li? and Be7. B11 and 011, and 013 and lee

Examples having even mass number are also known, such as Bet©

and Clo. In general,; at least one of the nuclei of the pair is
radioactive.

Study of the excited states of mirror nuclei may lead to
some information concerning nuclear forces. The assumption is
made that the nuclear forces are only between pairs of parti=-
clesg; that is, that the force on any particle may be expressed
as the vector suxm of the forces on it due to the presence of
each of the other nuclear particles. If this assumption is cor-
rect, and if the force between two nsutrons is approximately
the same as the forces between two protons, except for the rela-
tively small electrostatic rspulsion of the protons, then two
mirror nuclei should have corresponding quantum states. The
nunber of neutron=proton pair combinations which can be found
in one nucleus is the same as in the other, so the result is
independent of the neutron-proton force; the number of proton-
proton ¢ombinations in each nucleus is the same as the number
of neutron-neutron combinations in the other.

The electrostatic forces are much less strong than the

nuclear forces, and may be considered as causing only a small

perturbation in the quantum states. The electrostatic energy
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= g
due to the ﬁutual repulsion of the protons in a nucleus may bve

{
(1) ag:

-

expressed

Eg = 23_.(_?.%_3,33 (1/7) (1)

where 2 is the number ¢f protons in the nucleus, e the charge
on & proton, and (1/r) is the average of the reciprocal of the
distance between two protons in the nucleus. Fowler, Delsasso,

and Lauritsen give 3.5 x 1012 opd

for ?I7¥Y for nuclei having
mass between 2 and 20 atomic mass units. With this value as an
estimate for mass 7, there result
Eo(Li’) = 1.52 Mev
Ec(Be7) = 3,03 Mev
The energy of nuclear gquantum states will, of course, be
somewhat changed by the electrostatic repulsion, and in two
mirror nuclei will be changed by different amounts.
The nuclei selected for study, Li7 and Be7, were chosen for
& number of reasons. Li7 has been extensively studied for many
years(z) and two excited states are known, one at 0.478 Mev and
the other at 7.38 Mev. The absence of other states below a few
Mev simplifies the problem. Recently Inglis(s) has verified
that no other state below 2.5 Mev is strongly produced in the
reaction Be (d a)Li’, However, no excited states had been found

7
7 to correspond to the states in Li , even though the nu-

in Be
¢leus had often veen produced in nuclear reactions such as

Blo(p «)Be’, Li’ (v n)Be’, and L18(a n)Be’. For this work the re-
action used was Blo(p a)Be7, for two resasons. The reaction is
initiated by and produces charged particles, making precise

energy measurements easy., The Q-value of the reaction leading

to the ground state of Be’ had been measured as 1.148 Mev(4z so
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the Q~value of a reacticn leaving Be7

exclited by about C.45 Mev
would be about 700 kev; the resaction could therefores be carried
cut zand the product particlss studied with the squipment avail-
able.

If the assumptions made above about nuclear forces are
correct, the energy difference between corresponding states of
mirror nuclei gives an indication of the nuclear size. Because
the electrostatic forces are so much smaller than the nuclear
forces, comparison of this size estimate with those derived from
other considerations serves as a significant test of the assump-
tions.

One can express the total ensrgy of the ground states of Li7

and Be7 in the following manner:

Li7= 4nt + 38l + U, + B (L1") (3)
Be' = ot + 4ml + U, + E.(Be?) (3)
where the symools Li7, Be7, nl, and H* indicate the mass energy,

Un is the potential energy due to nuclear forces and is a nsgza=-

tive number, and EG(L17) and Ec(Be7) are the Coulomb ensrgies.

If the nuclei are in corresponding states, then ﬁn is the same
for the two nuclei. Egquations 3 and 3 can be combined to ex-
press the ensrgy difference of the ground states of Li7 and Be7
in terums of the neutron-proton mass difference and the difference
of Coulomb energies.

7 _ 147

Li' = ~(n1

Be - HY) + Eg(Be’) - Eg(Li) (4)
The same quantity can be expressed in terms of the experi-
mentally deternzined Q-values of B1C(p «)Be” and BLC(n &)1’
B0 + Bl = Be? + He* + (5)

810 + nl = 117 + He* + g (8)



and therefore
Be” - 117 = -(al - EM) + q, - (7)
Eg(Be’) - E (Li") = @5 - q; (8)

Equation 1 can be used for Ec(Be7) and Eo(Li7), but for this to
be useful it must first be shown that ths same value of 117;7
can be used for the two nuclei. To do this, the reasoning of
Feenberg and Goerzel(5) is used. Two quantities are defined:
Lgs the average Coulomb interaction betwesn two protons whose
wave functions are symmetric in the space coordinates, and La’
the corresvonding interaction between two protons whoss wave
functions are antisymmetric in the space coordinates. Feenberg
and Goerzel assumed that Lg and L, are constant for a given iso-

baric series, although not necessarily equal. Then the Coculonmb

energies of Li7 and Be’ may be expressed in terms of Ly and L,
Eo(Li7) = Ly + (L, + 3L,) (8)

7N o , ;

E,(Be’) = 8L, + (L, + 3L,) (10}

Fach of these two nuclei has equal numbers of Lg and La* go for

each,

1/ry) + (1/r,)
- 2

(1/r) (11)

The assumption of Feenberg and Goerzel is equivalent to assuming

that (1/r;) and (1/T_) are the same for the two nuclei, though

it is not assumed that they are equal to each other.
Substituting Equation 1 initc Equation 8 for each of the twe

Coulomb energies gives
3e°(I/T) = @ = Q (12)

This equation will be discussed further in Part VIII, when



values will be substituted for Q5 and Qlo
The develeprent which led to Egquation 4 can be fellewed for

corresponding excited states, giving instead of Equation 4 the

expression

Be?" - 117" = ool - ) + E (Be"") - E, (117 (13)
The total energies of the excitea states of Be7 and Li7 can be
expressed in terms of the ground states:

Be?" = 117" = B = Li7 + Ex(Be) - 5 (1177) (14)

where Ey is the excitation energy of the state. Combining

Equations 1, 7, 13, and 14, we have
3e2{I/T%) = Qu- Q; + Ey(Be”) = B (Li7¥) (15)

This equation will be discussed further in Part VIII, and r will

be ccmpared with r*.

PART II - THE EXPERIMENTAL ARRANGEMENTS

The protens for the bombardment were accelerated in the
1.6 Mev Van de Graazff accelerator(e) of the Kellegg Radiation
Labvoratory. The protens were analyzed for energy in an elec-
trostatic analyzar(7) whose energy resolution is about .05% of
the bombarding energy. The electrostatic analyzer was calibrat-
ed against the known resonance in the gamma ray yield from
proton bowbardment of fluorine at B873.C kev. The resonance
curve found from bombardment of a thin zinc fluoride target is
shown in Figure 1. The ordinates are the readings of the po-
tentiometer used, with a voltage divider, te¢ measure the potential

across the analyzer plates. The particle energy being prepor-

tional to the analyzer plate potential, it may be expressed as
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CgP, where Ce is a constant equal tc C.1240 kev/ potentiometer
division and P is the potentiometer reading. In making the
calibration, corrections were made for relativistic mass change,
the retarding potential on the target which reduced secondary
electron emission, the rise of target potential during the run
due to charging of the charge integrator condenser, and the
carbon layer on the target. The last corrsction was quite small,
as a liquid air trap was installed near the target chamber to re-
duce the amount of pump o0il vapor there. It is believed that
the proton ensrgy was known to about 0.3%.

The targets were of four types: amorphous boron pressed on
& coprer atrip one-sixteentih inch thick, boron evaprorated on
aluminur leaf, boric anhydride (BgOa) evaporated on aluminum
leaf, and boric anhydride evaporated on copper strip. The thick-
ness of the aluminum leaf was about 0.2 milligrams per square
centimeter. The reasons for using the different types of targets
will be discussed in the description of the experiments. In all
cases the boron was the BlO isotope, obtained from the Atomic
Energy Ccmmission. The boric anhydride was evaporated using a
small tantalum strip as a heating element. The evaporated boron
targets were mads in the hope of obtaining thin targets undilut-
ed by oxygen; such targets would give greater yields of alpha
particles. The heating element in the furnace was a strip of
tungsten .CO5 inches thick, # inch wide, and about z inch long,
and the currents were of the order c¢f 150 amperes. The boron
was spread directly on teop of the tungsten strip. Since boron

must bpe heatsd to about 2500° Centigrade befors it evaporates

appreciably and our evaporation times were several minutes, the
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contamination from pump oil which struck the heating element and
deconposed was not to be neglected. A liguild alr trap was used
to keep oil vapors from entering the target chamber, but the
contamination was still serious. Whsn the target was sxamined
by the elastic scattering of protons, it was found that carbon
and oxygen were present in amounts comparabls tc the boron. 4
rrecise analyais(a) by this method was not made because proton
scattering from carbon and from boron shews anomalies in this
region of proton energies, and experimental data on the cross
section for proton scattering from carbon was not available. By
ccmparing the yield of Bla(p a}Be7* from one of the evaporated
boron targets and from a target of beric anhydrids, the boron
target was found to be only about 40% boron. Results of the
proton scattering indicate that most of the rest was carbon.

The gamma rays were detected by a Geigeraﬁﬁller counter
made by the Radiation Counter Laboratories. The glass wall of
the counter was thin, about 30 milligrams per square centimeter,
and the cathode was a thin silver deposit on the glass wall.

The effective length of the counter was 3 5/8 inches and its
diameter was 33/33 inch. The counter was mounted in a lead
cylinder 3 7[8 inches in diameter with = slot the width and
length of the ccunter cut to admit the radiation. The hole for
the counter was lined with an aluminum cylinder whose wall thick-
ness was 3/32 inch.

Alpha particlss and protons were detected by a scintillation
counter built by Mr. A. V. Tollestrup; before reaching the counter
the particles passed through & double~focusing magnetic spectro-

meter(g). The momentum resolution of the spectrometer was 138,
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determined from the widths of the profiles of thin targets and
thin deposits of carbon (Figure 3). The spsctrometer was cali-
brated by the elastic scattering of protons from carbon, boron;
aluminue, and copper. The measurement of the magnetic field
was made Wwith the fluxmeter descrived in Refersnce ©. Classi-
cally, the energy of a particle which passes through the spectro-
meter is given by Qm/Iz, where I is the potentiometer reading
(proportional to the fluxmeter current) and Cm is a constant
depending on the charge and mass of the particle, and is squzl
to 1.765 x 10% kev millivolts® for alphs particles. The seme
corrections wers mads as in the calibration of the electrostatic
anzlyzer, and in addition a correction was made for the effect
of the relativistic mass change on the energy measurement by
the spectrometer. It is believed that measurements made with
the spectroreter of the ensrgy of particles ars uncertain by
about 0.3%.

In those cases where protons of the same energy as the alpha
particles were scattered into the spectrometer, the al?ha parti-
cles were distinguished from the protons by aluminum foils whese
total thickness was about 0O.6 milligrams per square centimeter,
Readings were taken with and without folils and the alpha particle
cocunts calculated by subtraction. These foils were sufficient
tc stopr nearly all the alpha particles up to about 800 kev, but

avove that enerzgy the fraction of the alpha particles which emers

t

ed frow ths foils with sufficient energy to be counted was large
enough to mzke the readings uncertain.
The spectrometer accepted particles emergzing frerm the target

at a mean angle of 137.&° i.0'3° with the direction of the proton
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beam. This angle was maasured(lg) using a narrow slit at the
entrance to the spectrometer. It was found that the total ef-
fective angular opening of the spectrometer in this direction

was 6.8%.

*
PART III - EXCITATION ENERGY OF Be?

The excitation energy of the residual 537 was found by
bombarding the beron target with known energy protons and
observing the energy of the alpha particles emitted from the
target at 137.8° in laboratory coordinates. The target used
wasg evaperated Bl0 deposited on aluminum leaf, whcse thickness
was atout O.s milligrams per square centimeter. In this pért
of the experiment it was naecessary to have a target which was
not too thick, sc that when the reaction leading to the excited

state of 567

was being run elastically scattersd protens and
alpha particles from the reaction leading tec the ground state
of Be’ would not enter the spectrometer in too great numbers.
The low energy group of alpha particles had less energy than
scattered protons or alpha particles of the main group and
ordinarily the spectrcmeter would distinguish between them; how-
ever, particles originating deep in the target or backing feoil
with high energy would in some cases lose enough energy in the
target to emerge with the same amount as the particles being
studied. The subtraction technique which was used for distin-
guishing ovetween protons and alpha particles resulted in large
statistical uncertainties if the number of prctons became equal
to or larger than the number of alpha particles. By using a

thin target and thin backing foil, the rrotons wers nearly all
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of a few definite energles, determined by the bombarding enersy
and the masses of the scatiering atoms. Since the alpha parti-
cle energy had a different dependence on the energy of the
vombarding protons than did the energy of the slastically
geatitered protons,; the reaction could be run at some bombard-
ing energy at which few of the scattered protons had the same
energy as the alpha particies. The impurity of the boron target
did not affect the msasursmesnt of the Q-values, because determi-
nation of the absolute yisld was not necessary.

7

The Q=value of the reaction to the ground state of Be' was

calculated from the following exprzsssion:
Q= Eg(l + Mp/Mg) = Ej(1 - My /M) = 3 cos & (EE M M2 M, (18)

In this equation and these fellowing the subscript o refers
to the target nucleus, 1 to the bombarding particls; 3 to the
emitted particle which is observed, and 3 to the residual nucle-
us. Eguation 16 is derived non-relativistically from conserva-

tion of energy and momentum, by substitution of

Eg+ Eq = Ej = @ (17)

3 .. .
P,” = BMyE, (i = 1,3,3) (18)

in the expression for the conservation of momentum

3 3 3
Pl - 7’?1?2 cos © + Pz = PE {lg)

and solving for Q. If, instead of the classical relation be-
tween momentum and kinetic energy given in Equation 18, the

relativistic expression
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2:‘-?2 3 v =
P E,%/c” + 3L .M 3E M. (1 + E

2
ii )

/2K

c (20)

i i

is used, each mass in Equation 16 is replaced by %i(l + Ei/ZMicgﬁo

In this case Eg is not replaced where it appears as a correction
to M, by its value frowm Equation 17. In the reaction being
studied, the relativistic correction amounts to much less than
one kilovolt in any case, 80 the procedure adopted was to use
approximate values for the kinetic energies, making the sane
corraction for all bombarding energizs. Relativistic correct-
ions were made to the proton and alpha particle energies measur-
ed by the slectrostatic analyzer and magnetic spectrometer in
all cases,

In order to obtain an accurate value for the difference of
the Q-values of the resactions to the ground state and to the

exclted state of Be7

» the alpha particles from the two reactions
were observed at different bombarding energies, so chosen that
the ensrgies of the alpha particles were approximately the same.
In this way the determination of the excitation energy of Be7*
was insensitive to errors of calibration of the magnetic spectro-
meter. The excitation of the excited state of Be7 was found to
be 0.434 + .005 Mev, and the Q-value of BLO(p x)Be”, 1.148 &
<0086 Mev. The Qwvalue is the average of eight dsterminations
made by Chao, Lauritsen, and Tollestrup(4) and thres deternmi-
natlions made by Professor Lauritsen, Professor Fowler, Dr. Chac,
and myself. The differsnce betwezsn the Q=value of the reaction

7 and the excitation energy of Be’* 1is

to the ground state of Be
the Q-value of BXO(p a)Be”*, which is therefore O0.714 + .008

Kev.
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The profiles of the alpha particles from BlO{p a)Be' " and
from BlO(p a}Be7 are shown in Figure 3. Since the target was
neither much thinner nor much thicker to alpha particles than
the spectrometer resolution, it was not correct to take sither
the peak of the curve or ths point at which it rszached half its
maximum as the alpha particle energy. Estimation of the target
thickness from ths shape of the curve indicated that the most
probably correct point is that at which the yield is 0.6 times
the maximum, the target beinz nearly as thick as the spectrometer.
Uncertainty in the fluxmeter reading corresponding to the alpha
particle energy accounts for the majority of the uncertainty in
the level excitation energy. Uncertainty in the target thickness
affects all the I values the same way, and its effect is largely
cancelled by using D I.

By writing Egquation 16 once for the wain group of alpha
particles and once, using primes for the energies, for the lew

energy group and subtracting the second ferm from the first, one

ocbtains:
AQ=Q-Q
= = DE, (L + Mp/lg) + DB (1 - M3/M5) -
| RTRY: 5 _ x'sE T
2008 & (igkp)¥ [(E18)% - (5387 | /u, (21)
where AE, = Ep - E; and A By = B - Ey. Sudbstitution of C,P for

Ey and Cp/I for E, and insertion of the first order relativis-
tic correction for EZ in the first term and the exact relativistic

correction for El in the sscond terx result in the equation:

B o= (1+ Uy (c/T) [ 2(a1/1) - 3(a D + ala /D)® -
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Ty son @BT8 |«
- ¢ 4(A I/1)/81 eI ] *

+ (1« Mp/ug)C A P(1 + Cy(P + P )/3iycR) -
- N \Z(p2/1 - P /1Y)
2cos © (Ml&szce) (p2/1 - P 2/1 }/Ma (22)

where AP=P wPand AI=1'~ 1. It is notewocrthy that
many of the corrections, such as the relativistic corrsctions
in the last term, the correction for z carbon layer on the
target and for the difference between target potential and
ground, cancelled either entirely or to a degree which made
their inclusion unnecessary. At least nine-tenths of the un-
certainty in the final value for the excitation energy is due
to lack of precision in & I. The uncertainty is of the order
of 0.08 millivolts on the potentiometer in each reading, result-
ing in a probable error of 0.C3 millivolts in the difference,
A I. This indicates that the final excitation energy is uncer-
tain by about 3.5 kev,.

Each of ths three readings for the wain group was gorbined
with each of the two readings for the low ensrgy group in order
to give a8 nearly as possible equal weight to each determination
of a Q-value, and the resulting six values of A § were averaged.
The scatter of the rssults indicates that the probable error of
the average is about 5 kev, and the estimate of uncertainty in I
was probably too low. In finding A Q, it was not rossivle to

us

1

the eight earlier determinations of the Q-valus of the re-
action BlQ(p «)Be' because it was found that the calivbration of
the magnetic spectrometer had changed betwesn the time those

determinations were made and the time the first reliable work



w8 done on the low energy group of alpha particles. Table I

el

summarizes the results on A Q.

Table 1

P p' I I’ AQ
8000 12000 41.85 43,10 435.4 kev

8000 123400 41.85 42,75 441.0

7000 13000 42,88 43,10 48¢,7

7000 123400 42,88 43.75 435,3

7150 13000 42,73 43,10 425.8

7150 12400 43.73 43,75 4353
Average 4344 + 5

This result for the excitation ensergy of the state of

837 may be compared with the results obtained bv other workers:
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Table =
. Lo T
Measurements of the Excitation Energy of Be
Authors Reaction Energy
Lauritsen and Thomasg{11) Li%(d n)Be ) B p «)Be”| 420 + 5 kev

Whaling and Butler i3)

Gibson (13)

Johnson, Laubenstein, and Rich&rds(lé)

Grosskreutz and Mather(l5)(1°)

Hamermesh and Hummel(17)

Freier, Hossn, and Stratton(la)

Hall(lg)

Burcham and Freaman(do)

Van Patter, Sperduto, and Buschner (¥1)

L1%(d n)Be’
1i%(4 n)Be’
Li7(p n)Be7
11 7(p n)Be’
Li7(p n)Be’
L1’ (o n)Be’
Li7(p n)Be’

Bleép d}Be7
Blo(p o)Be"’

435 (possibly)
450 + 80

435 + 15

470 + 70

428 + 20

428 + 15

430 to 48C

About 400
438
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PART IV - THE CROSS SECTION OF Bi%(p «)Be”

In cennection with these studies, four cross sections
were measured: the main group of alyha particles, the low
energy group of alrha particles, the gamma rays frow
B19(p a)Be7*, and the protons scattered elastically from BiU,
The cross section ¢f the main group of algha particles was
measgured for proten energies from 813 kev te 1114 kev and
from 1308 kev tc 1585 keve As will be described later, it
was necessary to use different target arrangements in the two
énergy ranges t¢ avoid scattered protons. Between 1114 kev
and 1208 kev, with either target arrangement, excessive nume
bers of protens were scattered into the spectrometer with
energles causing them t¢ be counted, sc that reliable data
for the alpha particles could not be obtained.

For bombarding energies between 815 kev and 1114 kev, the
target was made by evaporating on a copper strip a layer of
boric anhydride thick encugh tc stop all protons. At these
bombarding energies pretens scattered slastically by heavy
backing material have approximately the same energy as the
alpha particles from the reaction being studied, and it is
necessary to absorb them; for this reascn the layer of boric
anhydride was made thick. However, as the bombarding energy
is increased in this range, the energy of the protens scatter-
ed from oxygen increases faster than the alpha particle energy
and one comes to a point where their ensrgies are nearly the
same, and too many protons frem the oxygen are scattered with
the seme energy as the alpha particlas from the boron have.

The target was deposited on a copper strip so the energy of
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“lT=
the bombarding protens, which was converted to heat when they
were stopped, could be conducted away.

The cross section for this reaction when the target is
thicker tc the product particles than the spectrometer window
is given by the expression

1

++ , ] N
& /8) 8 € 4R /i) 5
o (6) = (a”7/8) < Ceff g\> (1 + He*/He™)
(LL /

. o 12 -
VCx 6.4 x 10O stzo A_ﬂ_L 4

where o (8) is 47T times the cross section per unit seclid angle
observed at an angle € with the incident beam,c{**/s is the
number of counte observed on the mechanical register due to
doubly charged alpha particles, S is the scale factor of the
electronic scaler, and V and C are the potential in volts to
which the current integrator capacitor was charged and the
capacitance ¢f that capacitor in microfarads. eeff is de~
fined by Egquation 28, EBO is the energy of the alpha particles
as measured by the spectrometer, R is the momentum resclution

of the spectrometer, AdlL is the sclid angle in which the
spectrometer will accept particles leaving the target, and the
last two factors are respectively the correction of solid angle
from lavoratory to center of mass coordinates and the correction
to allew for those helium nuclei which are produced in the re-
&ction but are not counted because they are only singly charged
when they leave the target. The correction for singly-charged
heliur nuclei was cbtained from a curve drawn by Mr. R. G. Themas,
for which I am indebted to him. It is included ag Figure 4.

Equation 33 may be derived in the following way. The eross
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sectlion per unit sclid angle for any rsaction may be expressed

do _ Particles counted

(34}
41  Bombarding particles x (target nuclei/eme) x é;flc

In order tc go from this equation to Equation 23, one replaces

"Particles counted" by (a**+/3)s, "Bembarding particles” by

VO x 6.3% x 1012, and O Q) ,, the sclid angle in center of mass

C
cocrdinates, by the corresponding solid angle in laboratory
coordinates and the correction factor. One inserts the cor-
rection factor for singly charged helium nuclei and multiplies
by 47 , obtaining an equivalent cress section for isotropic
distrivution ¢f the product particles in center of mass cocrdi-
nates. In addition, it is necessary tc¢ find an expression for
"Target p&rticles/cmg", usually designated "nt".

When the target is thicker than thé spectrometer window,
the only particles entering the spectrometer and passing through
it to the ccunter are those produced in reactions occurring in a
certain lamina of the target, as shown in Figure 5. The lamina
is defined by the energies E8 and E;, which are the limits of
the energy band accepted by the spectrometer at a given magnetic
field value. As the protens pass through the lamina, they lese

an amount of energy equal t¢

E, - E; =nt €, (25)

where €, is the stopping cross section of the target per
disintegrable nucleus for protons whese energy is the bowbarding
energy. Alphe particles produced at the back of the lamins have

ensrglies equal to
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Ey=-nt €, (3E;/QE ) (38)
in which only the first twe terms of the Taylor saries are kavnt,
and when the alpha particlss reach the front ¢f the lamina they

have snergilss

] §
E, = E

. 5 = nt €, cos ©,/cos &, (237}

whers 62 is the stopping cross section of the target per
disintegrable nuclsus for product particiss of the glven snargy.
Combining Eguations &6 and 37, we arrive at the expression for
the energy band acceptsd by the spectrometer:

.4
®E,= Ey - B, = nt(€,8E,/9F) + €, cos 8;/c0s &,)
=0t Copr (28)
where 6eff is defined by this squation. It is evident that

Cetr
ing energy, and the alignment of the proton beam and spectrometer

depends on the targset matsrial, the reactlion, the bombardi«

with respect to the target.
Using the definition ¢f the spectrometer resolution and the
¢classical relation betwesn momentum ana kinetic ensergy, we have:
PZ/S P,=R= 2320/8 Eao (28)
Suvstituting Equation 85 in Equation 28 and sclving for nt, we

have:
* nt = 3%,/ €. R (30)

The derivation of Equation 23 is now complete.
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It was found necessary to compute Géff in several
materiale for targets oriented at &, = 28°., The computations
were based on the data and eguations of Livingston znd Betheégz)s
t0 be designated L & B, 1In all cases the quantity 8, which
is defined by Equation 764 (L & B} and is the ratic «f the
steppring cross section in the material of interest to that in
air, was first found, and the stopping cross section in air was
found from Figure 31, L & B. For boron and oxygen, Equation 748a
of the reference was used t¢c compute 8; I and Z for air were
taken equal to 80.5 volts and 7.82, respactively, and for the
other materials I was taken proporticnal to Z. For carbon,
L & B Figures 29, 30, and 33 gave the ratio of the stopring croes
sections, while for aluminum the ratio was obtained from Table
XLIX, page 872 of L & B, by graphical interpclation. The stop-
ping ¢rogs section per gto atem of a target made of mere than

one element was found as follows:

€ = €5+ 50y €,/ng (31)
i

where ny; is the number of %1% nuclei per cubic centimeter of the
target. If the target is a compound, such as 3203, the ratio
ni/nB may be known precisely.

EZO was taken equal to Gm/Iz, the relativistic correction
being obviously unnecessary.

The sclid angle correction from center of mass 1o laboratory
coordinates was made according tc the following non-relastivistic

expression:
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dn,/an; = 2Recos & + (1 «-@zsingﬁhyé +
+ BRcosfe, (1 - B2 singeh)mﬁ ‘ (32)
where _

B = (MIMgElL)g/ (MM3Q + B&OM;E,EI_L)% (33)
and M = My + My, Ey; is the energy of the bembarding particle
in laboratory coordinates at the point where the reaction takes
place. This expression isg somewhat more convenient than tkre
usual one(z‘?‘}, since it uses the laboratery angle instead of the
center of mass angle. In reducing data for an excitation curve,
where the center of mass angle varies with the bembarding energy,
the labor of computation is considerably reduced. It can be

shown that the two formulas are sguivalent, using the following

expression tc relate the angles:

2 ped 5
cos QG =« B sin® & + (L « P"sin eb)é.cos o (34)

B is the same as befors, and is the ¥ used by Schiff. Equations
32 and 34 are derived in the appendix.

The factor 4T R/ A’QL is a constant of the spectrometer,
and may be determined from any reaction whose cross section is
already known. In this case the elastic scattering of protons
from copper was used. The cross section was calculated from the

Rutherford formula
o(e) = (Te?/4 sin*(8y/80M2, 20/ % Eyp)? (35)

where ® = My/ (M + Uyl
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The stopping cross section of copper was found by calculating
its rstio Yo the stopping cross section of air from L & B
Equations 74%a and 764, and by using Figure 31 of the reference
to find the stopping cross section of air. The bombarding energy
waa l.478 Mev, and the constants Z and I for copprer in Equation
749a were chosen to fit the data given in Table XLIX, page 272,
L & B, at 1.17 and 2.09 Mev bombarding energy. 4ﬂ'R/ASIlE was
found to be 3,833 x 105, with a statistical uncertainty of about
%, and an uncertainiy due to lack of knowlsdge of the stopping
¢cross section of copper of a few per cent.

Heturning to the discussion of the cross section measurements
of the reaction B O(p «)Be? for bombarding energiss between 815
and 1114 kev, we ses that the only remaining quantity to be de-
termined in Equation 83 is o« **/S. The technique of interposing
aluminum foils in front of the scintillation counter to stop the
alpha particles was attempted, but it was found that not all the
alpha particles were stopped, and it was difficult to find how
many did penetrate. For this part of the experiment, o ¥*/g was

found from the followlnz expression:

«™t/s = 0y = G4 (35}

where 01 and CQ are the total counts, and the counts where the
spectrometer was set at too high an snergy to pass any alpha
particles from the reaction, respectivelv. Profiles of the
particlss were taken at bombarding energies of 740, 883, 987,

and 1114 kev, and are shown in Figure 8. The particles appesaring

with energies higher than the alpha particles froam the reaction

are both singly charged alpha particles produced in deep layers
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of the targst and having about one-guarter of the snergy of the
alpha particles veing studisd and protons scattered in some way
through the spectrometer. It was assumed that these particlas
would be approximately uniformly distributed in energy, at least
over a small range, so the number of them being counted would be
about the same when the spectrometsr was set to accept the alpha
particles from the reactlon as when it was set at an energy high
enough to exclude them. It was further assumed that the number
of "stray" particles would be a smoothly varying function of the
bombarding energy, so that it would be sufficient to take four
profiles and interpolate. Ths values of Co uged are given in
Figure 7, and it is seen that the four experimental points do
lie on a smooth curve.

The results of the computations of the cross section are
given in Figure 8, where the indicated probable errors are due
to statlstics only. There is an additional uncertainty in the
scale of the ordinates of perhaps BO%, due mostly to poor data
en the stopping cross sections, and partly due to uncertaiaty
in the correction for singly charged helium nuclei.

For comparison, two points from the curve given by Burcham
and Freeman(zg} are also plotted in Figure 8; the agresment is
considered to be satisfactory.

For the other work with alpha particle cross sections, it
wéa necessary to know what fraction of the alpha particles would
penetrate the aluminum foils before the scintillation counter
with enough ensrgy to be counted. It was also necessary to
know whether any significant fraction of the protons were stopped

by the foils. The latter information was found by taking
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readings with and without foils of the protonas scattered from
oxygen in the boric anhydrids targst used in the work just
describved. It was found that about 5.3% of the protons whose
energy was 1100 kev were stopped by the foils. Designating CZ
ag the counts with three foils before the scintillation countar,

we have the fellowing eguations:

e

cy = (p + « *t 4 a*}gs {37}

C, = (0.848 p + £ &™)/ (38)
in which f designates the fraction of doubly charged alpha
particles which penetrated the foill with enough energy %o be
counted, p is the number of protons, and it is assumed that
since the singly charged alpha particlss had only one-guarter
a&s much energy as the doubly charged particles, they would all
be stoppred in the foils. By eliminating p from Equations 37

and 38 and sclving for q**[s, one gets
a* /s = (0] - 1,085 ¢y - a*/8)/(L - 1.055 £)  (@9)

The values of a*/S were found from the profiles of Figure 8.

In the region where a**{s is zero,

a*/s = cy - 1.085 G (40)
which may be derived from Equations 37 and 38 by neting that Cl
ig replaced by OQ and Cy by Gés and that a**]S is zero.

By using the values of «*/S given by Equation 35 for the
data used in the first part of thie chapter and rutting thex in
Equation 3%, f was calculated for alpha particle gnergies up to

1030 kev. Negative values were found for energies below 05
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kev, but these are attributed to poor knowledge of cr*/s in this
region, since this guantity is known only by extrapclation from
higher energies. In this energy region f is probably zero. The
value of f above 800 kev rose rapidly to at least .4, reaching
thls value at about 850 kev alpha particle energy. The only use
made of this result was to set f equal to zero for alpha parti-
¢le energies below about 900 kev, and to show that the subtraction
method is untrustworthy at higher energies.

In the measurements of the cross section of Blo(p d)Be? at
proton energles between 1308 and 1585 kev, the targets used were
thin layers of boric anhydride evaporated on 0.2 mg/cmg aluminum
leaf. The target was oriented with the boric anhydriie on the
back side of the aluminum, so that both the protons and alpha
particles passed through the foil. The protons scattered from
the aluminum were not slowed down, but the alpha particles from
the reaction and the protons scattered from the boron and the
oxygen were slowed down in coming back through the foil. Since
alpha particles lose energy at a much greater rate than protons,
the alpha particles appeared with an energy lower than the energy
of the scattered protons. The upper limit to the bombarding
energy was set by the proton energy which could be obtained from
the Van de Graaff; the lower limit was set by protons scattered
from the boron. The ensrgy of the scattered protons changes
faster with a change in bombarding ensrgy than does the energy
o¢f the alpha particles, 80 as the bombarding energy was lowered
the proton energy finally became t00 near to the alpha particle

energy, and 1t was no longer possible to separate the particles.

There were at all bombarding energies some protons of the same
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ensgrgy as the alpha particles, but it was possible to distinguish
between these and the alpha particles by using the aluminum foils
in front of the counter. At the alpha particle energiss en-
countered; no alpha particles penetrated the foils with enough
energy to be counted.

Three runs were mads, one with one target set with 81
(Figure 5) equal to 38%, the other two with another target on
a thinner aluminum leaf. In the latter two cases it was neces-
gary to set the target perpendicular to the proton beam in order
to achieve the same loss of ensergy by the alpha particles in
the aluminum leaf as In the other case. Becauss the alpha parti-
cles exhibited considerable straggling when they emerged from
the aluminum leaf, it was not possibls to calculate the cross
section of the’reaction by Equation 23. Instead of finding the
alpha particles which were produced in a lamina of the target,
all of them produced in the whole target thickness were counted.
The equation for the cross section, found by putting Equation 30

back in Equation 33, is now

++ -1

¢ o )
o (8) = (a""/s)s ke /e c> (1 + He*/me™)
VC x6.34 x 1013 nt N 10 (1)

&f*+/s was calculated in the following way. The wethod of
obtaining all the counts dues to doubly charged alpha particles
was in principle to take a profile of the alpha particles at
one bombarding ensrgy; and then to calculate the value of the

integral
+e - .
X /e = RJ/?CI - 1,055 CB)jI dI (42)

where I is the fluxmeter current and is inversely proportional
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to the momentun of the airha particles. Because in some casas
the alpha particle ensrgy varisd enough at ons bombarding ensrgy
to give a significant change in the correction for the alpha
particles from the reaction which came from the target singly

charged, the axpression actually used was

(¥ /8)(1 + B /He™) = R/{Cl - 1.055 C,) (1 + He'/He™")/1 a1

(43)
The final expression for the c¢ross section is now

o (8) = (5/VC x 6.24 x 10%%) (1/nt) (4T 8/ 4O ) {(aQy/an )™ x
x f(cl ~ 1.085 C,) (1 + Het/He*™")/I ar (44)

Because ¢f the great amount of time required to tzke a
profile of the alrha particles at each bombarding energy, this
was done at only four energies: 1308, 1334, 1460, and 1585 kev.
The ratic of the integral in Equation 44 t¢ the maximum value of
the integrand was found, and this ratio was used to ceonvert from
the integrand at intermediate bombarding energies to eqﬁivalent
values of the integral to be used at those energies. The pro=-
files of the alprha particles are shown in Figure €, and the
four points and the curve used for the ratio in Figure 10. The
two end points were weighted more than the middle two because
of the peculiar shapes of the two middle profiles. The peak at
1334 kev is flatter than normal, leading +to too high a value
for the ratio, and the peak at 148C kev is narrower than normal,
leading to teo low a ratio. The ratio of integral to maximum
value of the integrand was used for both targets although only

measured for one, because the energy loss of the alpha rarticles
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Was the same for both targets and the strageling was therefore
alsc the same.

The value of nt used in Eguation 44 was found from elastic
scattering of protens from the voron atoma, taking a profile
of the scattered protons and integrating. Then Equation 44 ap~
plies with nt as the unknown, He%/Het? set equal to zerc, and
Cs, alsc set equal to zero, since the scattering was done at an
energy where no alpha particles were counted. It was necessary
to do the proton scattering with the target in the sawe pesition
as when the alpha particles were being counted, for if the
boric anhydride was on the front, protens would be scattered
from the thin layer of carbon on the back and emerge frem the
front of the target with the same energy as protons scattered
from the boron on the front. The cross section of proten scate
tering can not be calculated from the Rutherford formula because
the proton scattering is anomalecus in this energy region. Since
it is clear even from the raw data of the cross sections of
BO(p «)Be? ana BO(p «)Be?™ that at least one Tresonance occurs
near this bombarding energy, an anomaly in the proton scattering
is tc be expected. The preoton scattering cross section was mea~
sured using a pure boron target; this work will be described in
Part VI of ﬁhis thesis.

The two targets were found to be nearly the same trickness:
4,10 x 1017 boron atoms per square centimeter for the first and
4.30 x 101? boron atoms per square centimaster for the second.
The value used was 4.18 x 1017, because most of the dataz was
taken on the second target. The uncertainty was probably larger

tharn the difference, sc using two valuees would not have been



worth while.

It was alsc necessary tc correct the bowbarding energy for
the energy lest by the protons in passing through the aluminum
foil. Combining Egquations 35 and 28 and replacing the lamina

in the earlier consideration by the aluminum leaf, we have
Ejr= E1z =~ (&3/Cers)(Bgp = Egp) (45)

where ElL is the proten energy at the point where the resction
takes place and corresponds to Eig ElB is the proton energy at
the front ancd corresponds to Elg Ezs ig the energy which the
product particles would have if the reaction took place at the
front of the leaf and corresponds to EB’ and EZO corresponds to
E; and is the energy which the actual product particles have
when they leave the leaf.

The cross sections calculated for Blo(p o)Be’

for proton
energies between 1208 and 1585 kev arse plotted in Figure 8,

The indicated uncertainties are these due to statistics in the
counts for the particular point; there is an additional uncer-
tainty in the scale of about 30%, due principally to poor
knowledge of the stopring cross section of boron, on which nt
depends, %o uncertainty in the ratio of the integral in Equation

44 tc the waximum value of the integrand, and to uncertainty

in the factor (1 + Het/He'").

PART V - THE CROSS SECTION oF BO(p a)Be’”
Some difficulty was experienced in getting the cross section
for BlO(p a)Be”™. The target used for the excitation curve was

& thin target of boron evaporated on aluminur leaf. It was
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necessary that the target ve thin in order tc keep alrha particles
from the reaction tc the ground state frem interfering with the
observations. Such particles, if the reaction took place scme-
what below the surface of the target, would appear at the surface
¢f the target with energy equal to that of the particles from
the reaction to the excited state. The boren target was used
because the reacticn is not very prelific and it was desired to
increase the yield to obtain better statistics. At all bombard-
ing energies, these alpha particles have lower energies than thre
proctons scattered from the target and from the backing foil, sc
the protons from the tail of the elastic scattering curve appear
a8 a background to the alpha particles. The target was deposit-
ed on & thin foll tc avoid having elastically scettered protons
from deep in the foll appear at the surface of the target with
the same energy as the alpha particles which were bveing ccunted.
bs was described in Part II, the boron target turned out to be
quite impure, and zave no better yield than toric anhydride
would have done. In addition, the composition ¢f the target had
to be deterxined.

The target used was thick encugh s¢ that the alpha particles
from the reaction did fill the spectrometer window. The expres-
sion used for the creoss section was Equation <3, with a**/s

equal to Cl - 1;05502:

o (8) = (03 - 1.05505)(5/VCx 6.24 x 10M3)(€ ../2E,) «x

x (47E/AQ )(aq C/dﬂL)“l(l + Het/He™) (48)

Where the energy of the alpha particles was low encugh so that
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nere of them penetrated the aluminum foils in front of the
ccunter, the above expression is clearly proger. However,; at
proton energies above 1488& kev, the alphe particles are count-
ed through the foils. For the final calculaticns, CB was taken
gqual to 8.5 at proten energles above 1488 kev. Figure 11
shows the data for this esxcitation curve; the axtrapolated 03
curve 1is shcwn dotted. This extrapclation is quite uncertsin
at the high-energy end of the curve, so the calculated cross
gection may be too low relative to the rest of the curve by as
much as 20%.

The compesition of the target was determined by comparing
the yield of this target with that of two others, both of boric
anhydride, on one of which three dsterminations were made. All
of these measurcments were made at a bombarding energy of abcout
148¢ kev. Since the boric anhydride evaporates at a few hundred
degrees centigrade, presumably little of the purp ¢il is decom-
posed in the process and the target is fairly pure. The Eéff
¢f the impure voron target could be found at one energy from
Equation 4€, considering the cross section as known from the
reasurements on the boric antydride targets. The impurities in
the boron target were principally carvon and oxygen, according
te the evidence from the scattering of protons. The ratic bee
tween the stopping cross section of carbon or cxygen and that
c¢f beron for protons and alpha particles in this energy range is
not constant, sc it was necessary to determine the actual COlti=
Poeition of the target. However, the stopping cross section of

oxygen is very nearly proportional to that of carbon, and it was
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therefore posgsible to consider the target as veinz made up of
boron plius an equivalent concentration of carbon. The ratic
¢f eqguivalent cazrbon cencentration tc beron concentration was
then found from Equation 31. When the calculations were made,

&**/3 was found from the expression

ot /s = (0 - 1.0850,)/(1 - 1.085%) (47)

This is not very good, because ¢f the uncertainty of f for
alpha particles having over 300 kev energy, tut since f was
the same for all determinations and only the ratio is used,
the result should not be greatly affected. Howsver, f varies
rapidly with EZD in this region, sc¢ small uncertainties in EZO
cause large uncertainties in f and the determination of the
impurity concentration is probably uncertain vecause of this.

The final result was
nC/nB = l.51 * 0.33 (48}

Using this result and Equation 31, the effective stopping powsr

of the target for the reaction BC{p «)Be' "

was computed for
the whole range of bombarding energies uged. The uncertainty
in the composition leads to an uncertainty in Eéff of about 9%.

The curve for thes cross section is shown in Figure 8. The
errors indicated are statistical; in addition therzs ars the
target coxposition and the usual uncertainty in eeff’ making
the scale uncertain by about 20%. It was remarked earlisr that
the high ensrgy end of the curve may be too low with respect te
the rest.

7

The gamma radiation fron the Be nuclel decaying to the

{
greound state was also observed. Lauritsen and Thomas‘ll) kad



previocusly detsrmxined that the energy of the geauma radlation
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from proton bembardment of B was 4<% kev. The counter was
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at 90Y tc the incident proton be nd its axis was twe and
seven-eighths inches from the target. The target was &

thin layer of boric anhydride evaperated on copper. The layer
of target material had tc be thin in corder t¢ avoild integrat-
ing the excitaticn function,; there veing no way of distinguishe
ing between the gawma rays coming from different layers of the
target. The target was depositsd on copper in ordsr to aveid
the gamuwa rays from aluwminum, which show resonances in this
enerzy reglon. It is necessary to make a correction for the
garma radiation produced in the copper by proten bembardment,

°

but this vield is a smeoth function of bombarding energy, and
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cn is not strong.

The expression for the cross section is

13
o (e) = (cl~a§mc J(8/V C x 8.24 % 10 }(E;ntg}(lmL7} %

Cu
-l
x { AQ a7 {48}
where 61 ig the number of gamma counts on the mechanical

register during proten vembardment of the target, CB is the

number of background counts to be sxpected during the bombarde

went time, CGu is the number of counts to be expected from the



rroten bombardment ¢f the coprer, € is the counter efficiency
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or C.43 Yev zaumma radiation; L.y 1s the fraction of the gamma
radiation leost through the Compton effect in the material be-
tween the target and the cocunter, and AQ /47T is the fraction
of the sphere surrcunding the target which is subtended by the
counter.

The factor L) /4T was calculated in two ways. Gamma
rays of one-half million electron volts are detected meatly
by the Conpton elsctrons; these electrons are so much scatter-
8d that they enter the counter from all directions. Thare are
twe expressions available for makinz the calculation under these
circumstances, the one given by Fowler, Lauritsen, and Lauritsen

(34) £(35),

and the one given by Norlin The first is

-~

AQ - o Q » 2‘ g f o= 1Y : P ‘{“1 ,
/47 = (5 e b/ R |1 - (4 (R + B 0/a0)1 +p/a0) =

5 o -1
+ {9‘:’;3"‘){1 +Ss/4?)(1 -é»Sc/zf; ] (50}

where ? is the counter radius, { is one-half the effective

length of the counter, and R is ths distance from the source
=
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of gamma rays to the axis of the counter. Norling's formulszs i:
= (Ry /T B)F [(bg - ¢®)% /v, arc tan {f;“.‘%e}] (51}

where Ry is the imner radius of the counter, a is the distance
from the sourcs of gamma ravs to the axis of the counter, b is
a +t Ry, ¢ is a =« Ry, £ is the full effsctive length of the
counter, and F is an elliptic integral. Each of these sxpres-
sions assumes that the source is opposite the midpoint of the
cgounter, 28 it was in this experiment. The two formulas give,
for the gsometry of this sxperiment, A /47 egual to U.0315
and U.03186, respectively.

Tne loss of gamma radiatlon in the material betwsen the
target and the counter was due to energy transferred to Compton
recoil electrons. This material included & 1/16 inch strip of
copper, a 1/18 inch glass window, and O.475 inch of aluminum.
The copper strip was the target backing, and the radiation went
through it at an angle of 63° from the normal. Ths total num-
ber ¢f electrons per sguare centimeter in the path ¢f the gamms
radiation was calculated. The remaining intensity is given by
the sxpression:

1/Tg=e¢ % = (11 (52)

The c¢ross section used was that for loss of energy to the
electrons only, as energy transferrad to the scattered photons
is valanced by other photons which are scattered into the
counter. The value of the cross sectien'®6) ig 1.0 x 10755 cmag

electron, and the value of (1 - L) resulting was 0.827.



The efficiency of ths counter was found from the data of

Bradt, Gugelst, Huber, Mesdisus, Preisewerk. and Scherrer ®7) on
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of brass- and aluminsum-walled counters. The
walls of the counter were very thin, vut it was survounded by
an aluminum tube whose thickness was greater than the range of
the Compton recoils from U.4%4 Mev gamma rays. This ranga(gs}
is less than one-half willimeter. Thus the counter acts as
though it had aluminum walls. The efficiency was caloulated
from the value for a brass-walled counter for the annihilation
radiation, the value given for tha ratlio of efficiency of a
brass-walled counster to that of an aluminum-walled countzsr for
the annihilation radiation,; and the measured siope ¢f the ef-
ficiency curve for an aluminum-wallsd counter (Refersnce 37,
Figure 3). The value usad for the efficiency of an aluminum-
walled counter for 0.434 Mev gamma rays was (1.70 + 0.07) x 13%5e
The thickness of the target was found by comparing the
vield from the boric anhydride targst with the differentiated
vield from a thick Bld target, made by pressing amorphous boron
cn & copper strip. Taking into consideration the different
stopping cross sections of boron and of 8363, the yield of gamna
rays from a layer of pure boron equal in stopping power to the

unknown thickness of the target was calculated:

H

$ ETED

= QEBBQE/ €gl{8) = Og = ) (53)

where primes refsr t¢ ths layer in the pure voron target, ng is

the concentration of boron atoms in the boric anhydride target,



and the two stopping Ccross saciions are for protons and per

boron atom. The step from the first to the second form of

D

fguation 55 is zade by the use of Equation 54, which is a state-
ment that the atopping power of the layer of boron iz egqual to
that of the boric aphydride target.

€.~ npt=1't € (54}

%5,3 E B

€C£ - sé} having been found from Eguation 53, the stopping power
of a beron layer corresponding to that number of counts is feund
by notingz how much change in bombarding energy causes this much
change in gamma ray vield. The thickness of the boric anhydride
target was found to be 14.1 kev for l.5 Mev protona, or 1.45 x 1018
boron atoms per square centimeter.

The counts due to proton bombardment of the copper were
found by measuring the gamma ray yisld from proton bembardment
of a copper strip. Thsse counts wers corrected for the counter
background. In all cases, the measurements of background were
made either just vefore or just after the run from which the
background counts were to be subiracted. The Van de Graaffl was
kept at the same potential, but the proton beam was interrupted
some distance from the target. This procedure guardsd against

changes in bacikground due either to the Van de Grazff or to

o]

ther experimental worxk being carried on in the laboratorv. The
gamma rays from copper and the background were measured at six
proten energies, and the values at intermediate snergies found
by graphical interpolation. The bvackground counts were at worst

avout 25% of the total counts, and the copper counts apout the

same proportion. Near the peakx of the rescnancs, the background



was about 9% of the total and the copper apout 11%7. In makinz
the subtraction of copper counts, it was necessary 1o take into
account the 14 kev energy less of ths protons before they reach-
ed the copper when the boric anhydride target was being bombard-
edo

The cross section for the gamma ravs fronm Blg{p a}Ee7* at
80% te the incident bsam is vplotted in Figure 8. The indicat-
ed errors are only those due to statistics; uncertainty in the
calculated value of the target thickness, which depends on the
differentiation of a thick target curve and on the stopping
cross sections of boron and coxygen for protons, makes the scale
of the curvs uncertain by about 30%. The uncertainty in counter
efficiency is only about 4%. It is %o be noted that the cross
section for the gaumwa rays dces not fall off as much beyond the
peak of the resonance as the cross section for the low ensargy
group of alpha particles. This may be entirely dus to poor
extrapclation to high ensrgy of the proton counts which were
subtracted from total counts to give the number of low energy
alpha particles (Figure 1l). Considering the uncertainty in
each curve, the agresment between the cross ssction of the gamma
radiation and that of the low energy alpha particles is satis-

factory.
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PART VI -« THE CROSS SECTION FOR PROTON SCATTERING
FROM BV

Measurement cf the cross section of slastic scatterins of
protons from boron was done using a thick target of boron; made
by pressing amorphous boron on a copper strip. The target was
made of pure boron in order to improve statistics and to get a
target whose composition was known. There was no reszson for
making the target thin, as the magnstic spectrometer sslected

*

the protons scattered in & thin lemina c¢f the target. By waking
the terget very thick, the pretons would not go through to the
ccpper backing and back through the target, and the only prob-

lem would be alpha particles freom the reacticens Blgép a}Ee?,

Be?*

taking place beneath the surface of the target. The re-
action tc the excited stats 1s very weak excert at bombarding
energiss where the alrha particle energy is less than the scate-
tered proton energy, tut there ls ancther reason for disregard-
ing the alrha particle counts which applies toc both zreoups. The
counts resulting from any reaction are propertional to the croes
segction dividsed by the effective stopving cross section for the
rsaction. Eguastion 88 shows that the thickness of the lamina
frow which particles way enter the spectrometer tc be counted

is inversely prorortional to Eeff' Since Eeff is aveout

& x 10718 kev s'zfatcm for proton scattering and about 40 x 10~=
kev cmggatcm for the alprha particle reactions, the counts dues 1o
elpha particles woulc be only 30% of those due tc protons if the

cross sections were the same. But the proten scattering cross

section is at least four times the others, so the counss Trom
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alphe particles will not be more than abeout 5% of these from
protcre. Since the alpha particle cross sections do nct change
very rapidly with proton energy., it is possible tc subtract out
the alrha particle counts by measuring them with the spectro-
rweter set for an energy higher than that of the protons.

The expression for the crosgs ssction used in this case is:
o (&) = (C, - C.)(S/V C x 6.24 x 1) (€_./28..) x
17 Vol . ef £ %720

A ~1
x (4TWR/Aap)i{dng/dany) (58)

in which all the quantities have the meanings previcusly used.
C@ includes the alpha particles frow inside the target. The
curve of CQ against bowbarding energy was deterwzined from points
found at proten energles of 868, 993, 1116, 1240, and 1812 kev:
the scattering actually took place at energies a little less
than this, because the lamina selected was always a little in-
aide the tarzget.

The crcss section is pletted in Figure 8, for comparison
with the others, and in Figure 12 where the ratio tc RButrerford
scattering is alsc shown. The indicated errors are statistical
only; there is an uncertainty in the scale due rrincipally to

€ opp amounting to perhaps 10%. There is a strong anomaly in
the neighborhood of the resonances in Bi0(p a)Be’ ana Blﬁ(p «)Ba?*
4% 1.0 Mev, and a weak rescnance at about 1.1E ¥ev, near the
strong rescnance in ELQ(p a}3e7o The curve which shows the ratie
¢f the observea cross section to Rutherford scattering indicates
that the upper anomaly extends to the lowest energies at which

we bombardsd.



PART VII - OTHER ENERGY LEVELS OF Be'

When Grogskreutz and ﬁather< 8)(18) reported the existence
¢f a state at about 470 kev they also reported two additional
excited states of Be', one at 205 + 70 kev and one at 745 + 70
xev above the ground astate. Previocusly Mandeville, Swann,; and

(29>; working with the Li®(d n)Be’ reaction and observing

Snowdon
the reccil protons in a photographic plate at gc° to the inci-
dent proton bteam, had concluded that no state between C.F and
1.0 ¥ev was excited by as much as 10% of the aisintegrations.
After Gresskreutz and Mather announced their results, the levels
were icoket for by others. The published curves of Johnson,
Laubenstein, and Rich&rds(l4) indicate the absence of levelas at
205 and 745 kev. Hamermesh and Hummel(l7), observing the neu=
trons from Li7(p n}Be7 with photcgraphic plates, found no tracks
corresponding to either of the states at 205 and 745 kev which
could not be attrivuted to background. Van Patter, Sperdute,

(31}

and Buechner s studying the alpha particles from Blg(p a}Be?

foeund at a proton energy of l.€ Mev no sign ¢f an alphz particle
group corresponding to the 205-kev state, and they stated that
at 1.78 Mev bowbarding energy the group corresponding to the

745-kev state was not excited in more than 1% as many cases asg

?

the group leaving the Be’' in the grcund state.

A search was made for alphae particles from Elg(p a}Be7*

7

leaving ths Be’ nucleus excited by approximately 300 kev. The

target was the same as that used for the two runs of the cross

section of Blg

p «)Be! in the higher bombarding energy recion,
& thin layer of boric anhydride on the back side of an aluminum

leaf. The proton energy was l.46 Mev at the beric anhydride



layer. The data obtained are shown in Figurs 13, where the
indicated errors are those due to statistics. For alpha parti-
clee of the snergy of thess, the three foils in front of the
counter were enough to stocp thew all. The energies at whizh the
two gréups ¢f alpha particles appeared agres with the ensrgies
¢alcoulated from the foll thickness. The conclusion to be drawn

from these data is that at a proton energy of 1.46 Mev, no stat

[{7)

in Be’! near 200 kev is excited as much as cns-=tenth as often as
elther the ground stats or the siate at 434 kev. Excitat

the stats at 745 kev was not attempted, since if the state exista
the barrier renetration factor for the algha particles would be

80 low that ths reaction could not have besn ovserved at the

]

proton enerzies availavle. It must e pointed ocut that Grosskrauts
and Mather used proton energiss of 3.1 Mev, while no one elsz has
bombarded at over 4 Mev. It 1s possible that the states are excit-
ed enly at large proton enargy.

kin; Ajzenberg, Browne, Goldhaber, Laubenstein, and
Hichard 5(30) cbserved a rssonance in Lif(r a)H He® at 1.8 Mev rreton
energy and in the elastic scattering ¢f protons from 118 at 1.8
Mev. From this they conclude that an excited state exists in Re'

at 7.1 Meve.

PART VIII - CONCLUSIONS
From the work describad in Chapters & and 7 it is concluded
that there exists in Be' an excited state 434 + 5 kev gbove the
ground state, that the evidence for states in the nsighbernocd
of S0V and of 750 kxev wust be regarded as guite doubtful, and

that a state probably exists at about 7.1 Mev above the ground

state. The O-value of BL9(p a)Be’ is 1.148 + 008 Mev and of



3«

g

5% a)Be”"

is 0714 + 006 Mev.

Referring t¢ Zquations le anc i, numbers can now be substitutad
for scme of the guantities. Qz is given by Tellzstrup, Fowler,
and Lauritsen 9} ag 28.781 Mev, and EX{Li?*} is $.478 Mev. Zgua-
tion 12 then gives 3.8 x 10%% car~! for TI/T), and Equation 15
gives for the first excited atate 3.70 x 10*° or™! for 227;322 a
decrease of 3.5%, correspornding to an increase of 2.5 in the
average distance betwesn protons when the nuclel go to the excit-
ed state. These results are independent of any nuclear model., If
one makes the very general assunption that the nucleus expands
uniformly, then the nuclear radius increases by 2.5%. This iz a
reascnable result, for the addition of energy tc¢ the nucleus
should result in work bteing done azainst the nuclear forces which
attract the nuclecnas. If some particular charge distribution in

the nucleus is assumed, then {(1/r) can be calculated in terms of

the nuclear dimensions, by the expression

(1/7) = éljzngfl/n(?lgzjr) aT,47, (58}

where ?l anc ?z are the precbability densities for pretons, and

dt’ld‘Fz are the eleuments of volume. In particular, the value of
{I/r) cerresponding to a uniform aistribution of protons through-
out a s0lid sphere 1s 6/5KH, and that corresponding tc a uniform
distrivution over a spherical shell is 1/R, where R is in eszch

case the radius of the sphere. TFrom the results given above, R

may be czlculated in these cases: R R#
- ] P “1&
Solid sphere 3.16 x 107%%0 .32 x 1070

Spherical shell 2.83 x 10~ %cn 2.70 x 1071%m



The usual expression for B, eééleg Bmcgy gives for nuclei
P Y § g O 3 -
of wmass 7 a radius of 2,70 x 10 B cine Thisz does not iandizate

that thess nuclel actually are spherical shells, but it iz be-

lievad to be significant that the energy difference batween the

ground states of the nuclel can be acoounted for by slectro-
static repulsion on the basis of a reascnable charge distrisution
and radius which agrees with indications from other types of
experiments. It is furthsr believad to ve siznificant that
thers exists an excited stats of Be' whosa excitation snargy is
nearly that of the wall known atate in Li7, and that the eneryy
difference batwean thess states can alsoc be accounted for as
electrostatic repulsion. The existence of the state with nearly

the same excltation energy is in agresment with predictions made

on the basis of eguality of proton-proton and neutron-neutron

¥,

2

forces. That the average distance betwean protons is increased
and at the increase is slight are in agresment with the picture
of adiition of excitation enerzy resulting in work being done
against the nuclsar forces, and 1n agresment with the comparison

of the excitation snergy with the bvinding snsrgy.

The existence of the state at 7.1 ¥ev in Be’ does not at
present give much inforxation soout the eguality of proton-proton
and neutron-neutron forces. Thiz state xay not correspond to the

.38 Mev state in LiT., It is true that & ievel in Be? shouli have
less zxclitation enersy than the level in 117 to which it corre~
sponds, vecause there is wore decrsass of Coulowmb ensrgy ia Ba’
than in L1 for any given nuclear sxvansisn. 4% this high ex-

citation, however, it is 1o be expected that ssveral excited

states might exist, and in fact Bashkin et al.
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observations strongly at any given bombarding snergy, so the
Breit-Wigner formula applies. BSince the cross section, the
gpins of the borbarding varticls and target nucleus, and the
total width [7 are known, Equations 57 and 58 are enough to
deteruine fi and [ 5. However, the two ejuations are symmetric
in the two unknowns, and it is necessary to usz some other
criterion for distinguishing which solution of the equations
is to be associated with sach [ . In the cass of the two
resonanc2s being studised, it was known that at the lowsr reso-
nance, [y, was larger than fgﬁ while at the other, f; was
larger than E;g o This relation comes from applyving the
Breit-Vizner formuia ootk to Blg(p a}Be? or Blgip a’)Ee%E and

to B¥(p p)Bl0, ovtaining

[, &
Fe 9 pa

The first test of the choice of the spin is 2 reasonabls value
for the ratic of the partial widths.

A second test of ths assumption of the spin and parity of
the intermediate nuclsus is the relative values of the partial
widths of the‘zwo groups ¢f alpha particles. Ths ratic of the
partial widshs may be predicted rouzhly from the spin and
parity of the compound nuclieus, and comparsd with the experi-
mental ratio ¢f cross sections. For a given spin and parity
of the compound nucleus, the angular mcumentum carried off by
the smitted particle isg limitea toc only a few valuas by con-
gervation of spin ana parity. The gzround state of Be’ was taken
to be spin 3/ and odd parity, and the excited state spin 1/3

and odd parity, in order that the gtates correspond with the two



e 7 - . -
lowest states cf Li'. TFor zach assurption of a spin
cll

ey

$ta

nd parity

of s the angular momentum ¢f the incoming or outgoing partiszls

=

¥avs ia shown in Table 3.

TABLE 3

gli Spin clil Parity | Proton Wave Alpha Particle Vaves
Yain Croup Low Ensrgy
Group
1/ Zven D P P
1/8 Gda F B 3
3fa Even L P P
3/ Cda P S L
5/3 Even 8 P F
5/2 Gda P D D
7/ Even 5] F F
7/ 0da P D G

In the table only the wave of lowest possible angular momentur
is shown for each transition, bscausz ths barrier penetravility
will maks this one dominats the others in the casssz whers wore
than one is possiple.

When the partial wave responsibls for ths reactisn has been

Geterained, it is possibls to make an estimate of the ratio of

the partial widths of the two groups of alpha varticies. The
Partial widih may be expressad as f@ilsws:<é3)

l"E = PESG {(80)
vhere P is delined as ths ratio of the wave function of *he
gmit

ted particle intesrated ovar a sphere of large radius to



its wave function integratsd over the surface of the nucleus,

E is ths total Xinetic energy in center of nass coordinates, and

G is the intrinsic width. It wag assumed that G was approximately
the sams for the two alpha particle zroups zt a ziven rescnance;
then thes ratic of the cross ssctions would be given by the ratis
¢f ths guantities (PEﬁ) for the two grours ¢f particles. The
values of this factor for protons and alpha particles taking

part in ths reactions at ths two rescnances were found from the

curves cf Christy and Latter (33} and from the ejquations given by
the (B4

3sthe The exprzssicns ussi were zguations 828, 631 and 600a,
cept than in the latter the nuclear radius was taken to be
e f"bmc“ The results of the calculations are given in Table
4. The actual expression usad with the formulas ¢f Bethe was
Pr¥(u/i )7F = E 2w )7F 50 (61)
This gives the same norwalization as the expression of Christy

and Latter.
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Fuclear Penetrztion Faciors for blg{p a}Be?g Be?
=, i al
and B9y p)atd

Protona Alpha Particles -
Main Grouyp Low Enercy Groun
Rescnance at 1.10 Mev Protcn Ensrgy
S=wave o 40 ° 53 B8
Pewave 13 « 33 WUBL
D=wave oOld 043 «Ul54
Resonance at 1.53 Mev Proton Ensrgy
S—wave o 8@ 74 &
Pawave BB « 37 tel
Dewave 032 LB6 <038
Fewave <0101 0038
Considering firs*t the resonance at 1.10 Mev, one sess that
the cross ssction for the main group of alpha particles is much

larger than that for the low ensrgy Zroup, v2ing avout T.14 barn
in comparison t¢ probably not more than 0.C1 barn. It is clear
that at this rescnance, a state of ol pust be cheosen such that
the low energy group of alrha particles must be exitted with
more angular momentum than the main group, for the ratis of PES
for the two groups when the anzular roxentus is the same is
never wors than thres. Exampless of such states of Cll are 3/2
edd: 5/% even, and 7/% odi. A1l the rest on the list are
eliminated oy this test. States of higher angular momentum than




those listed reguire such high
cutgoing r

The third test of the assuwesd values of the spin and

perity of the atate of the compound nucleus is that thz values
cbhtained for G should rzascnable. The intrinsic widtrs of

nuclear states are rarely more than 1 Mev, and then only in

some special case, such as the state of M9 asscciated with

sroton bombardmsent of O+

At the lower reascnance, the second test of spin and parity

agaunmptions was applled Tirst; and the thrse poszivilities left
were 4/% oda, 5/3 even, and 7/2 odd. Next the first test wae

aprplied, and last The results were as follews:

S o o A 11 i p
States of C [’ f%j/“_ % Gy

3/2 04ad <107 Mev .283 Mev | +372  .0Z8 barn | .82 Mev .78
5/2 Even 0B ¥ev 435 Yev | (149 <021 bern | .16 Nev 1.8

7/8 047 Mev 457 e 104 0l5 barn | .38 ¥ev 4.1
¢

Since the

rreton scattering oross secticn exhibits only &
small rise on a large background, any of the assuupticns of the

o1l

state woulid

G make the 5/2 even assumption very doubtful and exclude the

&
7/2 odi assumption.
An attewpt was wade to check the assisnment of spin and

¥

parity by coxputing

5’!_.
tion €l% ¢f Eeths'ls paﬁefg“é} The formula was ncdified by ine
serting a fazctor (5J + 1)/(858 + 1)(21 + 1) vefore the sescons

satisfy the first test, but the large values for

the preton scattering Cross section by Equa-




¢n thre right sids, to acceunt Ior the stins of the boren and
o . T > M. e PO ! . 3 3 s Nike . o T .
hydrogen nucieli. The results indicated only that the proten

wave must have smwall snguicr mozentum to rrevent a larger

g

anomaliy than the one chssrved.
A4t the higher rescnance the ratic of the twe alpha varticle
groups 1s reversed. The low energzy groupr has & orosg section of
avout C.l4 barn, while the wain grour has only about 0.035 ate
tributable t¢ & rescnance at this point, and this value ig very

uncertain. The width of the rescrnance was taken as .2 Vev.

The first assumrtion wade Tor the spin and parity of tre
le state responsivle Tor thle rescnance was svin 1/2 and odd

parity, since this ie¢ the only state requiring s higher anzular
rerentur for the rain group of alghe particles than for the low
ensrgy grour. Solving Eguations B7 and 58 for this case lad te
comylex values of the partial widths; only changing the spin

value or halving the cbaerved low ensrgy alpha particls cross

ot
ry

S

gotion would make & partial widths real. That the cross

5

oY

wips [ P o e
section was twice ths resl v

o

.lue seemed highly laprobable, but
the calculdations fer this state and for the 1/2 sven state wers

carrisd thrcough on this raais. The next vest sclivtion te 4he

same wave emitted Tor the two zroups of alpha particles. Caleou-



States of Gt | [Ty s o % G L' | Gh
(ev) (Mav) {barn) (Mev) (Mev) | (Mev)

1/% ZEven 015 15 Q74 &7 J7E 1O

1/3 0ad .15 .15 074 50 31 |0

3/2 Even «13 14 15 4.7 <71 023

5/2 0dd <218 0BE o &7 84 1.7 18

?7/< Even eraC 0345 <80 040 12 1.1

In Table € it was assumed that the reaction tc the ground

o o
[

w0

te of Be' oceurred in on 1@=Quarter as many Cas: the re-

o
@
@
[¢3]
£
w

action tc the excited stats. If it was assumed that the main

group of alpha particles did not exhibit anv resonance at this
energv, G, was equal to zerc, but the other values were 1ittl

affected. On the basis cf this table, the most reascnzbie age
glignment of spin and parity tc the state of Cll involved is

‘s and odd parity.
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are dssizned t¢ be ussd for calsulstions of cross sections of re-
actions in which none of the particies have xore than a few lev
Bnsrgy, 8¢ the error introduced by using classical instead of
ralativistic mechznics is much less than the errors of o

b
The starting point of the dsrivation is an eguation which states

that the tangent of the angie betwsen the direction of zotion of

tan 8, = sin Bp/cos @ =

where the subscripts C and L refer to center of mass and labora-
tory coordinatez, and VGE ig the veloclty ¢f the center of mass
coordinate systexr with respvect to the laboratory coordinates.
Jsing consarvation of mementum, this velocity mav be expressed

aas follows:

Vog = {gylz}u) f( + MQ} = (33‘5153 )ﬁ/iﬁ (A3}

14

where to gimplify notation, the guantity ¥ is introducsd.

3o 3 U wm W 5 £a..m%
e Jil MO .:42 + 2“3 L& .J}

The last wembsr of the equation uses an appreximation sufficiently

ocd for this dsrivation. The definition in center of mass



E +E =TF +E +0

(Auwd )
20 30 1¢ oc v (

Thease energies are relatesd by the mementum censidsrations which

define tre center of mass coordinate systen:

(BM}‘Elc)ﬁ = (2MGEOG>? {(5-5)

- N
(@nggc) = (zmsmgc

The next step is to eliminats Elc and ESC from EZquation A-4 by

)2 (4-8)

the use of Equations A-5 and 4-6, to simplify by using A-3, and

to substitute the value of E@C in terms of Mg and Vcﬁf

. 3£ 3 Y *2 b

Egg = (MQ + YnMaE); )/ (4-7)

Next the statement is made that the component of veleocity of the
cbserved particle perpendicular to the incident proton beam is

the same in both systems of coordinates:

(8E, /¥ ) Zs1n 6, = (3E,,/¥,) s1n © (4-8)

C
At this time it is convenient to define a guantity P, which is

the same as the 4 used by schirr{B8);

p= (MUzE )3/ (g0 + MoMaEy)? (4-2)
The next step is to put Equation A-1l in a more useful form by
elirminating sin @Q in the numerator of the right side by the

use of Equation A-8, by substitutinzg for E in the dencminator

O

poA
of the right side its equivalent in terme of Eguation A=-7, to
substitute for VCM froxz Equation A-3, and to simplify using

Fquation A-E:

| o )
cos 6y = B M(E,; /M U-E) ) cos & ~ P (4=10}
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It is now useful to climinate 225§ since ths reaction is
fully determined by the various masses, the Q-value, the angle

of observation, and the bomvarding energy. The expression used

Egr? = (MylgEyy)%cos @p/i + O/l + (g~ 1p) Eqp /X +

+ My MpEqqcosoey /¥R)E (4-11)

can be derived frox Equation 16 by sclvinz for EZL?W When this

expression is used to replace Ey; in Equetion (4-10), and the
resulting equation is simplifiea by ths use of EZguation (4-8),

the result is
cos Bn = 1n%e, + (1 - P ®sin®e, }¥cos © (34)
39 wa@sn L *ﬁs'ﬂ 1 og L \ <

In either ths laboratory or ths center of mass coordinates

the element of solid angle is given Doy

AL = sin & 46 ap (8-13)

where the angles appropriate to the coordinats system are used.
But the azimuthal angle, @, ic the same in the two coordinate

systeus, 80 the ratio ¢f the elemenits of sclid angle is
dQs/d 1y = sin §5d85/8in 6,46 (A=13)

Equation 24 1s now diffsrentiated implicitly with respect tc €,

neting that P does not dspend on 6.
sin 60d6c = 2P sin €008 6,36, * (1 ~ P sin®e; }2sin 0.6, +
£ (1 « P%sin ) Pces 9 sin 6,46, (=14}

This equation may new bes divided through by sin @Ldeb and the

result substituted for the right memter of eguation {(a-17%),
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