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ABSTRACT

The mean lives of the 1.74-, 2.15- and 3.58-MeV

1OB and the 2.31-MeV state 1in 1b’N were measured

states in
and limits were placed on the mean lives of the 5.10- and
3.95-MeV states in 1'N by the Doppler-shift attenuation
method. The reactions 11B(3He,c)10B_ and 12C(3He,p)1uN were
used and the direction of the recolling nucleus was selected
by a éoincidence technique. The results for the states
indicated in brackets are: TOB[1.74] (1.90 + 0.30) x 10712
sec, 1°B[2.15] 5f;‘: x 1071? sec, 1°B[3.58] (1.75 £ 0.70) «x
1071* sec, MN[2.31] (8.3 + 3.0)'x 1071* sec, 1*N[3.95]
<'2.5 x 107* gec and Y*N[5.10] > 2 x 107*? sec. The results

105 ape compared with predictions made

of the measurement on
from the independent particle model with intermediate
céupling., The couplingvparameter was found to have the
values 1.5 < /K < 3.0. The results of the measurements on
l"‘N are éompared with prediction made from the independent
particle model with both extreme j-j coupling and L-S cou-
pling schemes. The L-S coupling scheme was found to apply
for the 2.31-MeV state and found not to apply to the 3.95-
MeV state. The result of the measurement on the 5.10-MeV

state 1s compared to predicted intensitles of the ﬁhree

multipole radiations proposed to be present and no incon-

sistency with thils proposal was found.
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The mixing_ratio of E2 to Ml multipole radiations in
the transition from the 2.15-MeV state to the 0.72-Mev state
in 1OB was measured by an angular cprrelation technique. .
The reaction 11B(3He,a)10B was used and the angular distribu- .
tion of the y ray was méasured in coincldence with o particles
emitted in the beam direction. The mixing ratio was found
to be |x| = 0.07.
The angular distribution of @ particles leading to
the four lowest states in 10 from the reaction 11B(3He,a)loB
were measured for SHe energies of 1;0, 1.8, and 2.15 MeV.
The distributions were compared with predictions made from
the plane-wave Butler pick-up theory which was extended to
the case of (3Hé,a) reactions. The comparison indicates the
presence of direct interaction mechanism for the excitation
of the three 16west states in 1OB. The a particies assocl-
ated with the formation of the 2.15-MeV state in OB were
symmetric about 90° in the center of mass system. The
excltation functions for the formation of the five lowest

1

states in 1°B by the 11B(3He,a)loB reaction were measured

for JHe energles from 1.0 MeV to 2.15 MeV.



I. INTRODUCTION

The experiments descrlibed here were performed in
order to study properties of light nucleil which can be
predicted by some model or mechanism. In particular, mean
lives of excited states of nuclel are quahtitieé whose
numerical value can be predicted from a knowledge of the
wave functions of the states. The shell model predicts the
form of the wave functions and the quantum numbers which
should be associated with thé states. A quantum mechanical
treatment of the electromagnetic ihteraction yields selec-
tion rules involving the quantum numbers of the states
between which electromagnetic transitlons occur. Applying
these selection rules and usiné the predicted wave functions
the rate at which one statevdecays to others by gamma ray
emission can be computed. Thus, a measurement of the mean
lifé of a state, which 1s inversely proportional to its
decay rate, provides a check on the applicability'of the
- model assumed. ,
10

The mean lives of three exclted states of B and

1uN were measured by the Doppler-

three excited states of
shift attenuation method and compared to shell model
predictions. The measured value of the mean life of the

second excited state of OB indicated that it 1is not strictly

1
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a single particle state as predicted by the shell model but
rather involves the excitation of several nucleons. 1In
order to further study the collective properties of this
state, the ratlo of electric quadrupole radlation to mag-
netic dipole radiation (both of which are allowed by selec-
tion rules in the transition to the first excited state) was
measured. The électric quadrupole radlation if present must
be greater than predicted by single particle statés in order .
to compete wlth the magnetic dipole radiations. Any such
enhahcement must be due to the collective properties of the
initial state. Thus, a determination of the ratio of E2 to
Mm multipole‘radiations provides a measure‘bf the collective
properties of the stafe. A technique which compares the
angular distribution of gamma radiation from two different
decay modes of the state was used to measure this mixing
ratio.

The excited statés studied 1n these experiments were
all produced by either the reaction 11B(3He,a)loB or
120(3He,p)1uN. In ordér to more efficiently use the Doppler-
shift method of measuring mean lives, it was necessary tQ
know the angular distribution of the low-mass particles
emitted in the above reactions. A complete study of tae
angular distribution of alpha particles from the formation
of the ground and first three excited states of 1OB was made.

The results indicated the presence of a direct reaction



mechanism. The Butler plane-wave theory was extended to
thls case and attempts were made to fit the measured |

distributions.



II. THEORETICAL BASIS FOR EXPERIMENTAL PROCEDURE
A. Doppler-Shift Attenuation Method

The mean lives of excited nuclear states are usually
less than 10'8 seconds and greater than 10-15 seconds. There
are many techniques for measuring méan lives in this range~
and these can be classified into two caﬁegories according to
the quantity actually measured. Mean lives greater than
about 2 x 107'* sec can be measured directly. That 1s, some
timing technique can be used to measure the rate of decay.

A mean life less than about 5 x'10'13 sec can be obtained
from a measurement of the wldth of the state since this width
1s inversely proportional to the mean life of the state.

The Doppler-shift technique falls in the first category since
it measures mean llves directly by relaﬁing the_attenuation,‘
-of the Doppler shift with ﬁhe,slowing-doﬁn’ﬁime agssociated
with the material used. The range of épplicability of this .
method depends somewhat on the particular'experimental con-

“1%2 to 2 x 107** sec. This is

ditions, but 1s about 2 x 10
the only way mean lives can be directly measured in this
range, although they can be obtained indirectly through the
width measurement techniques which overlap part of this
range. This.overlap provides an independent check on the
results lying in the overlapping region.

L



5
The Doppler-shift teschnlque has been used in various

forms by other workers.t™> The form which was used in these

experiments was suggested by Devons.1

However, the method
of analyzing the measured shift to obtain the mean lives has
' been extended. The outgoing particle B from the reaction
A(x,y)B will re¢oi1 with a velocity dependent on the inci-
dent energy of the incoming particle, x, the Q-value of the
reaction and the recoii direction of particle, y. If the
target material is supported by a thick backing the recoil-~
ing particle will slow down from that initial velocity in a
mahner whlch can be related to the stopping power of the
backing material.

The energy of a gamma-ray emitted by a moving}

nucleus is given to first order in v/c by
E = E (1 + % cos 6], .' (1)

where E 1s the observed energy in the 1abofatory referenpe
frame, E, 1s the ehergy of the vy ray 1ﬁ the rest frame of
the nucleus, v/c is the ratio of the speed of the recoiling
nucleus to the speed of light, énd 8 is the angle between
the direction of observation and the direction of motion of
the nucleus. Since v/c ~ 10 °, the change in energy due to
the Doppler effect 1s a few perceht of E,. Thus very good -
energy resolution 1s required in order to measure this

change directly. However, 1f the gamma radiation is



observed at two different angles, one observes a shift in

energy glven by
AE = E; - E; = §'(cos 8, - cos 0;), (2)

where indices 1 and 2 refer to the two positions of observa-
tion. If these posiﬁions are chosen to be along the direc-
tion of recoil (8, = 0°) and at 180° to that direction
(6, = 180°), the maximum shift 1s observed. In this mannef;
‘the ratio v/c can be determined without having to know the
energy calibration preciselyQ |

In the experiments performed here the Q=values of
the reactions were much greater than the energy of the
incildent partlcle. When this 1s the éase the velocity of
the recolling nucleus, B, wlll be almost as large when mov-
ing in the backward direction relative to the 1hcident
particle as when moving in the forward direction. That is,
as Q becomes much greater than the energy of the incident
particle the veloclty dlstribution becomes isotropic about
the target. Thus, 1f the gamma radiation from decayiﬁg
nuclei recolling in all directions is observed, the energieé
of these vy rays will be symmetrically broadened about the
zero veloclity value and no shift can be measured. For this
reason it was necessary to observe only those y rays which
were in coincidence with particles, y, proceeding 1ln a given

direction. By fixing the recoil direction of the particle,



T
¥, the direction of motion and initial speed of recoiling

particle, B, are uniquely determined.

In the actual experiment many vy rays were observed.
The veloclty at which they were emitted varies from the
initial value (fixed by the kinematics) to zero because the
decay of the state is exponential in time. However, the
peak of the'y-ray energy distribution seen by a-Nal detector
will occur at, or very close to, the energy associated with
the average veloclty (see Appendix A) defined by the |
equation

0

v = %-Jlo v(t) e"'t/'r dat , (3)
where T 1s the mean life of the state. In order to determine
the mean life fraom the measured value of the average velocity
the integration indicated ih equation (3) must be performed.
In general, the function v(t) can not be accurately
expressed in an analytic form. It 1s necessary to make use
of some eﬁpirical values of the stopping power, %%, for the
matefial in which the nucleus slows down. The'relationship

between velocity and %% is given by

AR ()

where m 1s the mass of the moving ion. In the velocity

reglon in which these experihents were performed, 1.e.,



v/e € 2.5 x 1072, approxiﬁations can be made about the
dependence of stopping power on velocity. In Figure 1,
measured values of stopping power are plotted versus velocity
for the case of boron 1oné moving in copper. If the stopping
power in the region from v = O to v = v! is épproximated by
assuming dE/dx « v and if in the region from v = v! to

V = Vo, Where v, 1s the initial veloclty of the moving ion,
the stopping power is approximated by assuming dE/dx =
‘constant, then a reasonablé and simple analytic dependence

of dE/dx on v is obtained (solid 1line). It should be noted
that the reasonableness of thils approximatioh results in

part from the fact that the data for dE/dx are uncertain

by 10%. Therefore, if i1t 1s assumed that dE/dx = Eég ,

where this form of the constant was chosen for convenlence,

then'

dE MVo

a'i='m%%=—a—a (5)

where m is the mass of the moving ion and v, is 1ts initial
speed. Apparently @, a constant which is determined from
stopping power data, has the units of time. Integrating
equation (5) yields an expression for speed as a function of
time

v = v, [1 - t/a], (vt < v sv). (6)

Here v! is the lowest speed for which the approximation

applles. At lower speeds the stopping power approaches a



Fig. 1. Stopping Power versus Velocity. The shaded area
corresponds to vaiues that are consistant with experimental
data as compiled by Northcliff.n The solid line 1is the
analytic fit used in the analysis.
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_ 10
linear dependence on veloclity. In this region the stopping

powef is assumed to have the form

de _ _, v :
dx B

=

v, (7)

where again the form of the proportionality constant, m/B;
is chosen for convenience. Here B has the units of time and
* 1s detérmined from the stopping power data. Integrating
equation (7) §1elds another expression for speed as a func-

tioh of time
V=V e (0 s v sv') | (8)

which 1s assumed to approximate the true situation for
speeds less than v' deflned above. Here v, 1is a constant of
integration which ié chosen so that the speed, v', will
occur for the same.time, t;, in both exﬁressions, thus
insuring continuity of v(t) between the two expressions.

The value of v, which satifies this condition is
ty/B @y v ] :
v, =v'e = v' exp [B (1 Vo) s (9)

where t, 1s expressed in terms of v' through equation (6).
The method used to determine &, 3 and v; will be described
in the_section on experimental procedﬁre.

An expression for the average veloclty defined by

' equation (3) 1s obtained by first substituting the expression
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for v(t) for the high speed region (equation (6)) and
perfdrming the indicated integration from v, to v'.. Then
the expression for v(t) for the low speed region (equation
(8)) is substituted into equation (3) and the integration
performed from v' to O. The results of these two integra-
tions are summed to give the following expression for the
average velocity in terms of the mean life, T, and the

Vstopping povwer parameters

Teve{f-E (g ]ew[-F -y ]+1 -3} (20

Therefore, the attenuated Dobpler-shift method consists in
obtaining the average velocity from the measured Doppler
shift and reiating that velocity to the mean 1life through
equation (10).

The method of analysis described above differs from
methods used by othersl’3 in that an analytic function for
v(t) has been extended into the velocity region where dE/dx
is constant. Heretofore, when sufficient energy was avail-
able in order to obtain velocitles greater than about
5 X 10° cm/sec{ the analysis was made by numerical methods

on computers.2

In principle, the numerical methods are more
accurate. However, in practice the knowledge of stopping
‘power is so uncertaln that little is lost by making these

approximations which lead to equation (10).
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At low veloclties the stopping ceases to.be

dominated by electronic interactions as 1t 1s for higher
velocities. That is, for velocities less than about 10°
cm/sec some collisions with the atoms of the stopping
material occur which may change the direction bf the recoil-
ing particle. Atomic scattering will have the effect of
making the average veloclty of the lons entering this
region drop rapidly to zero, or equilvalently the stopping
power becomes infinite. Litherland et al.’ have shown that
if the worst practical case 1s assumed, that is, if dE/dx
becomes infinite for v < 10° cm/sec, tﬁen the error incurred
by assuming dE/dx « v down to v = O is less than 1% of the’
maximum Doppler shift. Since Doppler shifts are seldom
measured to better than about 5%, the effect of atomic

scattering can usually be neglected.
B. Mixing Ratios from Angular Correlations

In this section a method 1s described for measuring
‘the mixing ratio in the .y-ray decay of one state to-another.
That 1s, i1f in the decay of one state to aﬁother two multi-
polarities are allowed by the selection rules, the mixing‘
ratio is defined as the ratio of matrix elements of the two
different multipole radiations in the transition. There are
several ways in which mixing ratios één be determined from

angular correlation experiments, and only the detalls of the
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method employed here will be described. A general treatment
of the problem 1s given by Litherland and Fergusonu who
devéloped the technique. A measurement similar to the one
described here was made by Warburton et a1.5 who particu-
larized the formallism to the.situation whilch appears in the
presént measurements.

. The technique is to measure the angular distribu-
tions of two separate y-ray transitions from the same state
and compare ﬁhe results. If one of the transitions 13 a
pure multipole and the other a mixture of two multipoles,
then the difference in the two distributions can be expressed
as a function of the mixing ratio. When a state of definite
angular mbmentum and parity 1s formed by some process, the
direction of its anpular momentum is restricted by the
conservation of angular momentum. Such a state bears no
other evlidence of its mode of formation. Furthermore, it

has been shown6

that 1f the restrictions on the direction of
the angular momentum of the excited state are such that an
'axis of s&mmetry is defined, then the decay of the state
will be symmetric about a plane perpendicular to this axis.
‘This is a result of the state having definite parity regard-
less of what the parity is. Therefore, the angular d1stribu-
tion of decay products relative to the axlis of symmetry can
be expanded in a serles of even Legendre polynomials as

follows
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w(o) = ngo Aoy, Pop (cos 8). ()

The coefficients Aen will depend on the.pa;ticular ciﬁcum-
stances of the casevin question. |

In the present case the mixing ratio of E2 to M1
multipole radiations in the transition from the 2.15-MeV
state to the 0.72-MeV state in 0B was measured. A level
diagram for this nucleus along with the known spin, parity
and isotopic spin assignments 1is shown in Figure 2. The
posslble decays of the exclted states are indicated by the
arrows which are labeled with the branching ratios and
possible multipolarities. The 2.15-MeV state of 1OB was
formed from the reaction 11B(3He,a)loB*. If the @ particle
from the reaction is observed along the beam axis the restric-

tions on angular momentum of the exclted states of Blo

will
be such as to make the beam axis an axis of symmetry. Thus,
the y radiation from the decay of the 2.15-Mev state will be
symmetrically distributed according to equation (11), where-
8 is the angle bétween the incident beam and the outgoing

y ray. The reasén the beam direction 1s not sufficient to
define an axis of symmetry 1s that no assumptioﬁs can be
made about the definitenes; of the spin ahd parity of the
113 + 3He system. However, any uncertainty about the symme-

try properties of the beam direction is removed 1f the &
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particle 1s.em1tted along thils axis since the excited state
of 10B has definite spin and parity. '

The values of A, in equation (11) for a given
transition depepd on the initial and final state spins and
parities, the population of the magnetic substates in the
initial state and the multipole mixing, if any is possiblg.
.A general expression -for the distribution is given by
Litherland and Fergusonu in their equation (23). This equa-
tion was obtained by averaging over all possible'intermediate
‘states which lead to the state belng studied. The angular
momentum restrictlons on all these intermediate states are
systematically accounted for by the Raéah algebra. Warburfon
et al.5 have reduced this equation for the case where the
initial state has spin and parity 1* and the final states
have spins and parities ot and 1*. Their result for the

1+ - 0'+ pure Ml transition 1s 

W(8) = 1 + Fy(1)B,(o0s 0, (12)

where Fy(1) 1s a function of the populations of the magnetic
substates. Their result for the 1+ - 1+ transition where

both Ml and E2 multipole radiations are possible 1is
Ww(e) = [1 -~ P (1)f(x)P,(cos 8)], (13)

where Fy(1) 1s the same as for equation (12). Here f(x) is
a function of the mixing ratio, x, and i1s given by
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Cf(x) - Ao (14)
' X +1 ’ ,

where the mixing ratio, x, 1s formally defined by

x = 2 eR (15)
Here a and b indicate the initial and final states between
which multipole transitions of ofder L and L + 1 are |
possible. The fact that both distributidns depend on the
populations of the magnetic substates in the same way through
F,(1) 1s a result of the fact that only one such population
is wnknown. The 2.15-MeV state has quantum numbers 1% and
thus can have magnetic quantum numbers mJ = 4+ 1,0; but the
akial symmetry requires that the populations, P(mj), satisfy
the following relation

P(m,) = P(-m,) . : . (16)
J "3 _
Also these populations are subject to the normalization
condition ' '
T P(mJ) =1 . (17)
mJ .

Therefore, there 1s only one unknown among the three popula-

tions.



18
In the present case the distributions of the pure M1

transition from the 2.15-MeV state to the 1.74-MeV state was
used to determine F,(1l). A value for f(x) was then obtained
from the angular distribution of the 1.43~MeV y rays. "'l‘he

mixing ratio was determined from f£(x) through equation (14).



III. EXPERIMENTAL PROCEDURE
A. Angular Distribution

The angular distributions of alpha particles from .
the formation of the first four states in 10B produqed by
the reaction 11B(3He,a)10B were measured. These measure-
ments coﬁsisted in directing a beam of 3He particles at a

thin foil of 11

B and then. observing the number of outgoing
particles as a function of their direction relative to the
beam. Thils was done for three different energies of inci-
dent 3He particles, 1.00 MeV, 1.80 MeV and 2.15 MeV. Since
the beam current fluctuates it was necessary to standardize
the number of incident particles by observihg simultaneously
~ the number bf outgolng particles at a fixed angle.

.The target chamber used for this experiment was 12"
in diameter and about 4" high. The beam was produced by the
2-MeV Van de Graaff accelerator in the Physics Department of
this University. This beam was deflected into the target
chamber by an analyzing magnet and then collimated at the
entrance to the target chamber. The collimating slit was
circular with a diameter of 3/16" and was made from 10-mil
tantalum. The collimated beam was then incident on a thin

foil which was 1" in diémeter and located at the center of

19
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the target chamber.- The method used to prepare thin self-
supporting boron foils willl be discussed separately below.

The outgoling particles were observed by two detec-
tors, one was mounted on a rotating arm, the other was fixed
at 135° to the beam direction. The fixed detector was used
"to monitor the beam current. The fixed silicon surface
barrier detector used was connected to a blas amplifier.

The bias was set so that it passed only those pulses which
corresponded to maximum energy loss by protons in the detec-
tor. These pulses were chosen because they were well sepa-
rated from smaller pulses and because they were produced by
reactions of the beam with the boron only and not with con-
taminates like carbon which are buillt up by bombardment. 1In
particular protons from the reaction 11B(3He,p)13c forming
the four lowest states 1n 130 contributed most of the pulses.
The remaining pulses were produced by deuterons from the

126,  These

reaction 11B(3He,d)120 to the grouhdAstate in
pulses were counted by a scaler and the sum was used to
normalize the a-partlcle ylelds at each angle.

The rotating detector was also a silicon surface
barrier detector and had a sensitive area of 25 mm° . It
could be rotated about an axis through the target with the
detector face 5{" from the center of the target. The angle
subtended by the detector surface at the target was 5°. The

detector was covered with 6.33 mm of Mylar for angles of

observation greater than 50° to the beam direction and by
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12.6 mm of Mylar for smaller angles. This was necessary in
order to prevént elastlcally scattered 3Hevpart1c1es from
entering the detector since they are sufficiently numerous
to exceed the time resolution of the electronic equipment.
The pulses from the detector were amplifiled and stored in a
multichannel analyzer. Spectra were taken at 5°~ Intervals
from about 7° to about 170°.

The @-particle yleld was determined from the spectra
by adding the number of pulses corresponding ta the a-
particle groups concerned. The spectrum which was observed
at 90° to the beam for an incident SHe energy of 2.15-MeV is
shown in Figure 3. The peaks corresponding to the @-particle
groups are labeled by the state formed in the (3He,a) reac-
tion. The oxygen peak is the result of a contamination on-
the target. The background,.especially evident under peaks
from low energy protons, is produced by a continuum of @
particles from the breakup of 13N formed by the reaction
11B(3He,n)13N into (3a + p). Corrections for the background
were made by estimating the continuum (dashed line in
Figure 3) and subtracting the contribﬁtion 6f the continuum
from the total counts in the peak. |

B. The Preparation of Self-Supportlng Boron Folls

Thin folls of 11B were prepared by evaporation
techniques from boron powder enriched to 98% 11y, The powder



Fig. 3. Pulse-Height Spectrum of & Particles at 90° to the
Beam. The peaks are labeled by the state in 1OB formed in
the 11B( 3He,(!.)loB reaction. The oxygen peak is the result
of target contamination. The dashed line indicates the -
estimated4 background due to the.(3a + p) breakup of 13y,
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was placed 1n a tantalum boat mounted in a vacuum chamber}
- Glass slides were cleaned and then coated with detergent.
The soap fllm was polished unﬁil its presence was not detect-
able to the eye. These slides were then placed in the .
vacuum chamber with the coated side facing the boat. The
chamber was evacuated to a pressure of about 2 x 10™°mi111-
meters of mercury. Current was passed through the boat,
gradually heating it to the meltihg(point of boron. A shleld
was placed over.the boat whlle 1t was being heated in order
to keep lmpurities, which boll off at lower temperatures,
from contaminating the slides. VWhen the boron was hot enough
it wets the boat. The shield was then removed and the
glides became coated with the evaporated boron. Usually the
slides were exposed for only a few seconds in order to reduce
thelr heating, since boron has a tendency to blister. Also
by applying the boron in bursts, some control over the thick-
ness can be obtained. Nevertheless, many attempts were made
before the proper thickness was obtained; since, if the foll
is too ﬁhin it will not support itself and if it is too
thick severe crystallization causes it to break up into very
small unusable pleces.

Once a film of the proper thickness was evaporated
onto the slide, a procedure first outlined by Dearnely7 was
used to remove the foll from the slide. First the film was

divided into sections of the size required for the experiment
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by simply scratching 1t with a sharp instrument. Then the
slide was slowly and smoothly immersed in a solution of
distilled water and several dréps of wetting agent which
decreased the surface tension. It was found that an angle
of about 30°vbetween the slide and the surface of the water
worked best. As the soap came in contact with the water it
dissolves so that the fllm floated off onte the surface of
the water.

- The foils were mounted on the frames which were
copper sheets with a " hole drilled through them. Care was
taken to-remove all rough edges which could readily puncture
the foils. Mounting was accomplished by immersing the frame
completely and then drawing 1t to the surface directly under
the foill. As the frame emerges from the bath the foll will
adhere to 1t. Untll the foil drys it is very weak and the
31;ghtest air current or jar will spoil it. After it drys
1t becomes more durable although care still must be exer- .
cised when handling it. It was found that greater strength
and thicker foils could be obtained i1f the folls ﬁere picked
up. so that they overlapped both sides of the hole. The
thickness of the folls was roughly determined, by welghling,
to be about 20 ug/em’. The inaccuracy of this method of
determining thickness is principally due to the presences of

tantalum which may be evaporatéd along with the boron.
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C. Excitation Functions

The excitation function, that 1s the cross section
as & functlion of incldent energy, was measured for the

'formation of the five lowest states in 10

B by the reaction
11 3H 10
B( e,a)""B. These measurements were made by observing,
at 90° to the beam, the number of @ particles from the forma-
tion of these states over a range of 3He energies. The

targets were thin self-supporting folls of 11

B described in
section IIT B. The beam current was monitored by collecting
the charge in a Faraday cup along the beam axis behind the
foil. The charge was then recorded by a cufrent integrator.
The target chamber and a-particle detection system were the
gsame as those described 1in section III A for the angular
distribution measurements. The energy was varied from 1.00
MeV to 2.00 MeV in increments of 100 keV and then from 2.00
MeV to 2.15 MeV in increﬁents_of 50 keV. Thg‘data were
recorded in a multichannel analyzer. The procedure'for
analyzing the data was the same as that described In section

III A.

D. Mean Life Measurements

10B were measured

The mean lives of three states in
using the reaction 11B(3He,a)10B and the mean lives of three

states in th were measured using the reaction 120(3He,p)1u .
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The targets in all cases were prepared by evaporating a thin
film onto a thick backing material.

The cholce of backing material depends on the order
of magnitude of the mean life. If the state is short-lived,
that i1s, i1ts mean 1life 1s less than 10~ ' sec, a fast stop~
ping material with high stopping power should be used so
that the mean final velocity is measurably less than the
initial veloclty. Similarly, 1f the state 1s relatively
long-lived, that is, if the mean life is greater than about
107'® sec, a material with a small stopping power is pre-
ferred In order that the mean final veloclty be measurably
different from zero. The stoppling power referred to here
and in equation (4) has units of energy per unit length and
1s the product of the density of the material times its
stopping power in units of energy length-squared per unit
mass. Table I 1lists stopping power data in both units as
well as. the densities for several stopping materilals. These
~data were obtained for 3-MeV boron ions by Porat et a1.8’9
In the experiments deseribed here copper and magnesium were
used. It was found that these two materials while having
extreme ‘values of stopping‘power had overlapping regions of
applicability and were therefore sufficlent for all the
experiments.

The oufgoing elbha particles or protons were

detected by a silicon surface barrier detector with a



TABLE I.

Stopping Power Data

meral  F e WAy g
Carbon 5.2 "2.25 11.7
Aluminum 3.8 2.7 10.4.
Nickel 2.4 8.8 21.0
Silver 1.8 10.5 18.9
Gold 1.0 19.3 19.3
Magnesium 5.0 1.7 6.9
Copper’ 2.3 8.9 20.6

aThese data were obtained for boron ions at 3.0
(Reference 8,9).

- MeV by Porat et al.

b’I'hese data were obtailned from the Handbook of
Physics and Chemistry (Reference 16).

et
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sehsitive area of 200 mm° placed 1.5 cm from the beam. A
i-mil Mylar cover over the detector prevented elastically
scattered 3He nuclel from being counted. For the mean life

10B the a-particle

measurement of the 1.74-MeV state in
detector was placed at 90° to the beam. Angular distribution
measurements indicated a maximum in the number of @ particles
emitted near this angle. The angular distribution of the «
particles from the formation of the excited state, at 2.15
MeV, showed a minimum near 90° to the beam. So at 90° the
ratio of & particles from the formation of the 2.15-MeV .
state to @ particles from the formation of the 1.T74-MeV

state was a minimum. This éondition is preferred because
these two groups were not resolved in the Q-particle spectrum.
The reason for thls is that the energy of these @ particles
varies with angle so that the use of a large détector
resulted'in sufficient spread in energles of the @ parﬁicles
observed for the groups to overlép. When a coincidence
criterion was applied to the pulses from the a-particle
detector, it was not possible to completely d;écriminate
against all the a particles from the formation of the 2.15=-
MeV state and yet accept an appreciable number of a~particles‘
from the formation of the 1.74-MeV state. As is indicated

in Figure 1, the 2.15-MeV state decays to the 1.74-MeV state
30% of the time. Therefore, 30% of the @ particles from the
formation of the higher energy state will be in coincidence
with the subsequent decay of the 1.74-MeV state. The mean
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life of the 2.15-Mev state 1s long compared to that of the
1.7H-MeV‘state, although much shorter than the resolving
time of the coincildence cireult. The nuclei in the 1.74-MeV
state which were populated by cascades from the 2.15-MeV
state will then be moving much slower on the average than
those populated directly, or equivalently, the zero time 1s
shifted by an amount about equal to the mean life of the
2.15=-MeV state. This could lead to an incorrect measurement
so that the populatlion-of the 2.15-MeV state must be
minimized by discriminating the @ particles or by Judi-
cilously choosing tpe.position of the a-particle detector.

The criterion used in the selection of the @
particles for the measurement on the'1.7h-MéV state 1s
indicated by C; in Figure 4. This figure shows an Q-
particle spectrum observed by the solid state detector. The
peaks are labeled with the state whose formation 15 asso-
ciated with the group forming the peak. This criterion was
applied by using a lower level discriminator on the detector
pulse amplifier. The fact that @ particles from the forma-

tion of lower states in 10

B opened the coincidence gate Jjust -
increased the chance coincidence rate. Also in Figure 4 is
shown the criterion, C;, used to select a particles for the
measurements on the 2.15-MeV state. . In this measurement
there was no complication from cascade populations. However,

the fact that @ particles from lower states opened the



Fig. 4. Pulée-Height Spectrum of @ Particles for Measure-
ments on the 2.15- and 1.74-MeV States in 105, fmhe reaction
113(3He,a)loB with E3He = 1.8 was used to form these states.
The detector was covered by 4 mil of Mylar. ¢©, and C, are
acceptance criteria for the coincldence pulses used in these

measurements.
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coincidence gate seriously increased the chancé colncidence
rate. In order to keep the ratlo of chance coincidence to
total coincldences down to 1:3 it was necessary to limit the
beam current to about O.5pua. The ratio of chance to true
coincidences was checked by comparing the y-ray spéctrum
observed under experimental conditions with the spectrum
observed when a delay was placed in the coincidence 1¢g
sufficient in magnitude to insure the absence of time -
coincidence.

For measurements on the 3.58-MeV state a different
arrangement had to be used. The a-particle group leading to
the formation of thils state 1is low enough in energy that 1t
is indistinguishable from the peak resulting from the
maximum energy lost by protons in the detector used for fhe'
measﬁrements on the two lower states. That detector had a
depletion depth of 500 micron. A thinner detector was used
with a depletion depth'ofm60 microns for the measurement on
the 3.58-MeV state. It was also nécessary to increase the
beam energy from 1.8 MeV to 2.0 MeV, thereby increasing the
energy of all the alpha particles. Finally, it was necessary
to improve the resolution by moving the detector away from
the target so that its sensitive face was now 5 cm from the
center of the target. With the detector located at 90° to
the beam the spectrum displayed in Figure 5 was observed.
The a-particle groups from the formation of the ground and



Fig.‘5. Pulse-Height Spectrum of @ Particles for Measure-
ments on the 3.58-MeV State in 105, fThe reaction
15(34e,a) % with Eg,, = 2.0 MeV was used to form this
state. The detector was covered by i mil of Mylar. The
region, GATE, 1lndlcates the criterion for coincidence pulées

used in these measurements.
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first four exclted states are labeled by the state formed.

The protons which are produced by (3He,p) reactions on 1%

B
and carbon contamination leave a fixed energy as they pass
through the counter and the associated peak 1s‘shown to a
reduced scale in the figure. The group, from the formation
of the 3.58-MeV states, was selected in this case by a
single channel analyzer. The upper and lower discriminators
~ were set to pass only those pulses lying in the GATE region
.1nd1cated on the figure. The use of the single channel
analyzer greatly reduced the nuﬁber of chance coincidences.
The same procedure used with the 1.74- and 2.15-MeV
statgs in 10B was used 1n the measurements of the mean lives
of the 2.31- and 3.95-MeV states in 1'N. In this case the
reaction 12C(3He,p)1uN was produced with 2.0-MeV 3He ions -
and a carbon target evaporated on a copper backing. The
protons were detected with a silicon surface barrier detec-
tor which had a sensitive area of 200 mm” and a depietion
depth 'of 500 microns. Tt was located at 110° to the beam
and 1%8 éurface was 1.5 cm from the center of the target.
 The peaks‘in the spectrum observed wére broadened because of
fhe large anglé;of observation. However, the separations of
states in this.case were wide enough that the proton groups
were clearly resolved. The spectrum obtained is shown in
Figure 6, whére the proton groups are labeled according to

the state with whose formation they are associated. A lower



-Fig. 6. 'Pulse-Height Spectrum of Protons for Measurements
on States in 1uN. These protons result from the reaction
12C(3He,p)1u’N with E3He = 2.0 MeV. The detector was covered
with 6 mg/em” of aluminum. C, and C, are acceptance criteria
for the coincidence pulses in the measurements of the 2.31-

MeV staﬁe and phe 3.95-MeV states, respectively.
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level discriminator on the amplifier for this detector was

used to select the appropriate groups. The criterion used
in the measurement of the mean life of the 2.31-MeV state 1s
shown in the figure as C, and the criterion used in the
measurements on the 3.95-MeV state 1s shown as C;. In both
cases no cascading effects were present and the number of
chance colincidences caused by the inclusion of the proton
groups assoclated with the formation of 1oﬁer states was not
sufficient to be troublesome.

. The proton group from the formation of the 5.10-MeV
state could not be separated from the elastically scattered
3He ions, sé that the coincidence technique could not be
employed. However, the Q-value for the reactlon producing
this state 1s slightly negative. This means that the veloc-
ity of the recolling luN will always be in the forward direc-
tion. The smallest value of the velocity occurs when the
proton also proceeds in the direction of the beam. It 1is
sti1ll possible to measure a shift, even for the smallest
recoll velocity, i1f the average final velocity is not much
less than the initial velocity. However, the range of mean
lives that can be measured in this way is.gréatly reduced.

In all the experiments performed the vy rays’were
detected by a 3" x 3" NaI(Tf) crystal and photomultiplier.
The front face of the crystal was placed 4" from the center
of the target and its axis was 1n the plane defined by the
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beam axls and the particle counter; A diagram of the experi-
mental arrangement 1s shown in Figure 7. Two positions of
the y-ray detector are shown; in one positién the y-rays
emitted along the direction of motion of the recoil nucleus
are detected (solid lines) and in the other position the
y-rays emitted at 180.o to this direction are detected
(dashed lines). The dlagram 1is schématic since the éctual
values of the angle between the recoil direction and the
beam depend on the energy of the incident 3He lon, the
Q=value of the reaction and the 1ocation of the partilcle
detector. In the actual experiment it was not always
convenient to observe the y rays at 0° and 180° to the
recolil direction. Aléo the finite size at:the Nal crystal .
implies that the angle of observation 1ls not clearly definedA
but rather some average must be taken. Both of these effects

can be accounted for in one equation

cos 6, - dos.ez - A cos ©
~sin By - sin By  sin B; - sin B3

- . 18
B],'—" Bl . ag - Ba ( )

Here 6, and 6, are the average directions of observation
referred to in the expression for the Doppler shift, equa-
tion (2). The angles Bi and B, are the values of the angle
8 evaluated at fhe two edges of the front face of the Nal

erystal when the axis of the crystal is at 6 = ei. This



Fig. 7. The Experimental Arrangement. The aﬁgle, 8,
defines the direction of the recoiliﬁg nucleus and therefore
.the position of the backward-looking y-ray detection system.
The dashed portion indicates the direction of the forward-
looking y-ray detection system.‘
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equation was derived by averaging cos 8 over the front face
of the crystal at thé’two positions referred to by the
subscripts.

The pulses from the y-ray detector were sorted and
stored in a multichannel analyzer. The coincidence circuit
was that incorporated in the analyzer and had a resolving
time of 2 psec. The data from the analyzer were plotted in
order to locate the peaks graphically. In some cases back-
ground had to be subtracted in the manner described in sec~
tion IITI A. Also the contributions from chance colncidences
were subtracted from the peaks. The contributions were
estimated from the measured chance coincidence rate using
the singles (non-coincident) spectra to determine their
shapes. The chance coincldent peak was subtracted at the
- point of zero energy shift. 1In all cases where this correc-
tion was thought to be necessary 1t was made and in no case
did the correction change the location of the peak beyond
the error in locating it. The locations of the peaks were
measured on all the data and the shift was determined from
the differences in tﬁe average locatlion of the peaks observed
in the forward directlon and of the peaks observed in the
~backward directlon.

Since stopping-power data for elther boron or
nitrogen ions moving in copper and magnesium are not avalle-

able, conversions were made from data for these ions in
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nickel and aluminum which 1s displayed in a compilation by

Northeliffe.ll The stopping powers in this compilation have

an estimated uncertainty of approximately 10%4. The conver-
sions were made using the theoretical formula developed by

12

Lindhard and Scharff for thé electronic stopping power per

atom which is

de _ 8me” 2124 v
“& < %em (z7° + 22755515’ Vg ! | (19)

where ge is not a rapidly varylng function of the properties
of the stopping material. Z, and 2, are the charges of the
moving lon and the stopping material. The constant, a,, 1is
the Bohr radius of the electron and e is its charge. v/v,
is the ratio of the velocity of the moving lon to e*/h. TPhe
formula agrees to within 15% of experimental values3 of the
stopping‘power for the region 0.35 x 107° < v/e < 1.5 x 10'2,
where ¢ is the velocity of light 1n a wvacuunm. However,.when
converting'from one stopping material to another the depend-
ence on velocity cancels; so it was assumed that this
-formula 1s a good approximation up to v/e = 2.7 x 10'9,
corresponding to the highest initial Velocitonccurring in
these experiments. The conversion was madevby means of a

multiplication factor as shown below
2/a 3 /a
E| | ()R (et s E O (20)
a a “b 2, R b
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where Ai and Z1 are the atomlic mass number and charge of the
1th stopping material and 24 1s the charge of the moving ion.
The corrections applied to the data for nickel and aluminum
to obtaln stopping powers for copper and magnesium were
themselves small (about 5%), and the errors introduced into
the uncertainty in stopping power by these corrections were
negligible compared to the experimental errors in the
stopping-power data.

The stopping-power curves obtained were used to
determine the parameters @, B and v' defined in section IT A.
The values of a, B and v' are subject to the restriction
that because the stopping power is a continuous function of
speed, the two approximations employed must be equal at the
speed where they meet. Thls restriction implics that a
choice of value for two of the three quahtities a, B and v*
fixes the value of the third. The procedure for determining
the constants was to éhoose first a value of P which best
approximated the stopping power for low speeds by a straight
line passing through the origin as indiciated in Figure 1.
Then a value of @ was chosen such that the time required to
reach the velocity, v'; where the two approximations meet, .
is the same whether calculated from the approximation or
from the data directly. The latter calculation can be made

by integrating equation (4) to obtailn a general expression .

for time, t, at velocity, v,
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t = I:; m(%f:-c-)"1 dv. (21)

The integration can be performed graphlcally by plotting the
integrand versus velocity and determining the area under
that curve between the end poilnts v and v,.

In the determination ofgthe mean life the finite
thickness of the target must be accounted for since the
target has a stopping power different from the backing
materials. The correction for target thickness 1s made by
determining the difference in time spent in the target and
the time spent in an equivalent amount of backing materilal’
and adding this differencevto the mean life determined from
equation (10). The procedure is 1llustrated in Figure 8
where the iﬁtegrand in equation (21) is plotted versus
velocity. The lower curve corresponds to the backing
material and the upper curve corresponds to the target
material. The correction for the difference in stopping
power is indicated by the shaded avea which 1s defined by
the two stopping poﬁers'and the velocitiles at.which the ion
enters and leaves the target material. The correction is
about 0.3 x 10™'* sec for the cases described here and was
applied only when the mean 1life was short enough for the
correction to be significant.

The errors in the measurement of the mean lives

arose from twd independent sources, the uncertainty in the



Fig. 8. M(dE/dx)”™' vs. Veloeity. v, is the initial velocity

of the excited luN nucleus, v'! 1s the velocity at which the

luN leaves the target and enters the backing. The shaded

area 1s proportional to the time added to correct for

target thickness.
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stoppling power. Each shift was Calculated from about five
measurements in each directlon by averaging the shifts. The
error was computed by taking the square root of the sum of
squared deviations from the mean divided by n(n-1) where n
1s the number of measurements. Having thus compiléd the
error in the shift, the error in the determination of the'
average velodity i1s simply obtained from the rules of error
propagation.13 The error in fhe mean life 1s determined
from the error in the average veloclity by findlng those
values of T in equation (10) which give the extreme values
of the average velocity within its error. ,

The error due to the 10% uncertainty in the stopping
power data is transmltted to the mean life through the
parameters @, B and v'. In equations (5) and (7), where a
and B are defined, it is seen that a 10% error in stopping
power results in a 10% error in these two quantities. If 4in
the exbression for the average velocity (equation (3)) the
integration is performed assuming the stopping power 1s
constant for all veldcities or assuming it is proportional
to velocity for all velocities, the two results indicate |
that a 10% error in either a or B leads to a 10% error in
the mean 11fe. The experimental cases include both assump-
tions about stopping power. However, since the error 1is
propagated to the same extent in both approximations, the

percent error in the mean life due to uncertainties in the
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stopping power will be the percent error in the stopping
power, namely 10 percent. These two sources of error in the

mean life contribute independently so that the total error is
. 2 . 2 % .
AT = [(O.IT) + (ATV) ] N (22)

where Arv-is the error due to uncertainty resulting from the

shift measurement.
E. Angular Correlation

This section describes the measurement of the ratio
of E2 and M1l multipole radiations in the 1.43-MeV transition
from the 2.15-MeV state to the 0.72-MeV state in *°B. The
technique, described in section II B, requires the measure-
ment of the angular distribution of the mixed y radiation
and the angular distribution of a pure multipole radiation
from the same staﬁe. The pure multlpole radiation used was
that emitted in the 0.41-MeV transition from the 2.15-MeV
state to the 1.74-MeV state. These two vy rays were observed
in éoincidence with the & particles observed along the beam
direction from the formation of the 2.15-MeV state. The
,réaction used for this experiment was llB(3He,a)loB. A beam
of 3He ions at an energy of 2.0 MeV was used. The energy of
the 3He lons affects the experiment only 1n the number of

2.15-Mev states formed. As is seen from the excitation
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functions, the higher the energy the greater the populations
of this state.

The target was prepared by evaporatiﬁg a relatively
thick (about 150 pg/em®) £ilm of enriched 1B onto a piece
of aluminum foll which was 6 mg/cm® thick. This thickness
was chosen so that thé 2 .0-MeV 3He ions are completely
stopped in the aluminum yet the @ particles from the forma-
tion of the 2.15-MeV state pass through the foil. The
reasqn fbr this is that these a particles must be observed
on the beam axis, but the a-particle detector would be
destroyed if the beam were allowed to strike it directly.

A éilicon surface barrier detector was used to
detect the a particles. Its sensitive area was 25 mm° and
it was placed 3.0 cm from the target along the beam axis.
The detector nulses were amplified and discriminated with a
single channel analyzer. The pulse helght spectrum observed
in this detector 1s shown in Figure 9. The peaks are
labeled with the states whose formation 1is assoclated with
the @ particles producing the peak. The single channel
analyzer opened the coincidence gate only when pulses with
heights lying in the reglon designated GATE were observed.
The a.particles from the formation of the 2.15-MeV state
were.not resolved from those from the formation of the 1.7u-
MeV state. However, the angular distributlion shows that the
yleld of the latter is a minimum at O° while that of the



Fig. 9. Pulse-Height Spectrum of @ Particles at 0° to the

Beam. The reaction 1 B(3He,a) OB was used with By, = 2.0
e

MeV. The region, GATE, lndicates the criterion for coinci-

dence pulses in the angular correlation experiment.
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" former is a maximum at that angle. The effect of including
both peaks In the colncidence criterion is to increase the
chance coincidence rate by a negligible amount. In addition
to opening the coincidence gate, the pulses from the.single
channel analyzer were also counted on a scaler. This pro-
vided a cﬁrrent monitor with which to normalize the y-ray
angular distribution.

The y rays were detected in the NaI(TZ) crystal used
in the other experiments, the front face of which was
located 4" from the center of the target. The unnormalized
angular distribution of y rays from the 2.15-MeV state for

which 3™ = 1* 15 nown® to have the form

w(e) = IY[I + Ae(Ji,Jf)Pz(cos e)] ’ (23)

where IY 1s a constant depending on the;exposure time and
the bear current. The coefficlent, Aa(JiJf), is the number
that 1s needed to determine the‘mixing ratlo and depends on
the angular momenta of the initial and final states as well
as the mixing ratio. For the present experiment the
coefficient, A;(10), 1s assoclated with the distribution of
the 0.41-MeV y ray and Ag(1ll) is associated with the 1.43-
MeV y ray. There are only two unknowns in equation (23), IY
and,A,(Ji,Jf); therefore, measurements of the intensity of
‘the appropriate y rays at two different angles completely

determine the unknowns. However, to help eliminate any
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systematic errors two separate measurements were made, each
involving many runs. One was made at 0°, 125° and 55°, the:
other at 125° and 90°. The results were combined statisti-
cally.

The calculation used to determine f(x), and therefore
the mixing ratio, are straight forward. For the case where
W(0°) and W(55°) or W(125°) were measured, as can be seen
from equation (23), the following equation gives A,

Ay = & °°w ;5“' o), (24)
It should be noted that'55° and 125; are symmetric about 90°;
:therefofe, the y-ray ylelds are equal at 55° and 125°. Simi-
larly, if W(90°) and W(55°) or W(125°) are measured then A,

1s given by

NPy TCEINSE Ay (25)

Combining equations (12), (13) and (23) ylelds the result
for f(x)

£(x) = -2 -}:-%%}  (26)

The mixing ratio, x, is then determined from £(x) with the
aild of equation (14).
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The sources of error 1n this experiment are mainly
statistical, that is they arise from the fact that W(e) is
the number of counts observed and thus has a statistical
error given by [W(e)]%, The fact that background occurred
under the y-ray peaks and had to be subtracted also contrib-
uted error. These two errors were treated together by
measuring W(8) several times and defining the error as the
square root of the sum of squared devliations from the mean
divided by n(n-1), where n is the number of runs. vThe rules
for the propagation of errorsl3 were then strictly followed
to obtain the error in the measurement of the mixing ratilo.
A possible source of systematic errors was that the physical
apparatus might shield the detector from the y rays to vary-
.ing degrees depending on the angle. Thils possibllity was
checked by placing a radloactive source at the target
position and observing the'count-rate at the four angles
used. Data were obtained with y‘rays of energies 0.42-,
5.11«, 1.27-, 1.17- and ;.33-Mev. The appropriate correc-
tions were applied to the distributions. Also, the target

was rotated so as to minimize any attenuation by its support.



IV. RESULTS
A. Angular Distribution

The angular distributions of the a-particle yleld
~about the beam direction from the reaction 113(3He,a)103
were measured in the manner described in section III A. The
groups resulting from the formation of the four lowest states

105 yere observed for three Me energies, 1.0, 1.8 and

in
2.15 MeV. Two independent measurements of these angular
distributions were made. Each point was obtained for a
fixed nunber of monitor counts chosen so that.the number of
counts under the peaks to be measured was about 1000. In
this manner, the statistlcal errors were kept somewhat
uniform at 3 percent. Each point was taken in about ten
minutes with a beam current of about 2.0 pa. A typical
spectrum obtained 1s shown in Figure 3. The a-particle
detector was pléced at 90° in this case. The peaks are
labeled by the.state with whosé formation the peak 1s asso-

160 and 10B are the

~eclated. The peaks from reactions with
" result of contamination of the target by these isotopes.
The ‘angular distribution measured at 3He energles
of 1.0, 1.8, 2.15 MeV are displayed in Figures 10, 11 and
12, respectively. The distributlion of a particles produced

10

in the formation of the four lowest excited states of B

50



Fig. 10. Angular Distributions for E3He = 1.0 MeV. a
particles‘lgading to the four lowest states in 105 yere
formed by the reaction 113(3He,0)1OB. The SHe nuclei had

. ah energy of 1.0 MeV. The curves are labeled with the state
to which the o particles lead. The relative uncertalnty

is 10%. The absolute uncertainty is about a factor of two.
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Fig. il. Angular Distributions for E3He = 1.8 MeV. «
particles leading to the four lowest states In loB were
formed by the reaction 1 B(3He,a) ®B. The 3He nuclei had
an energy of 1.8 MeV. The curves are labeled with the state
to which the @ particles lead. The relative uncertainty

is 5%. The absolute uncertainty is about a factor of two.
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Fig. 12. Angular Distributions for E3H = 2.15 Mev. a
particles leading to the four lowest st:tes in 10B were
formed by the reaction 11B(3He,a)1013. The SHe nuclei had an
energy of 2.15 MeV. The curves are labeled with the state
to which the a-particles lead. The relative uncertainty is
5%. The absolute uncertainty is about a factor of two.
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. Sh
are plotted in the figures and labeled according to the
appropbiate state formed. The ordinate 1s the differential
cross section in mbn per sterad. The absolute value of the
differential cross section was obtained from the thickness
of the foil determined by welghing and the measured beam
current. |

The relative statistical error is 3%. Other errors
occur in the backward directions because the four body break-
up of 13N, described in scction III A, contributes a large
background at lower energles. Another source of error 1s
the fact that peaks from @ particles produced in other
reactions, (e.g. 160(3He,a)150) lie close to, or beneath,
the peaks of interest. Both these effects were corrected
for by estimating the backgrouhd produced and subtracting
that from the peaks. The errors so introduced are reflected
in the scatter of points.

The error in the absolute value of the differential
cross section 1s estimated to be about a factor of two.
There are two sources which give rise to this large error
both of which lead to a}small value for the cross section.
One source results from the uncertainty in foil thickness
produced by the présence of an unknown amount of tantalum
-evaporated wilth the boron; Since tahtalum is a heavy element,
a relatively small number of atoms can cause a large error
in the determination, by weighihg, of the amount of boron

present. The other source of error was the uncertainty in
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the beam current. The value used was that current which ﬁas
observed when the beam was on target. Since the beam does
drift occasionally the average current could be somewhat
lower than this value. No corrections were made for these
errors other than to roughly estimate theif maximum effect
by comparing these data to that obtained at higher energiles
for this reaction14 and by comparing the results. of various
methods (including weighing) for determining the thickness
of 1OB foils prepared by evaporation from tantalum.15 The
maximum effect was used to set the errbr. This large error
does not detract from the analysis which attempts to fit.

only the shape of the distribution.
B. Excitation Function

The results of the measurements of the excitation
function for the formation of the five lowest states in’loB
by the reaction 11B(3He,a)loB are shown in Figure 13. The
ordinate 1s the differential cross sectioh in mbn/sterad
obtained at 90° to the beam. The abscissa is tﬁe energy of
the incident 3He nuclei in MeV. Each excitatlon function 15
labeled by the state formed in the reaction. The points
were taken for a fixed amount of charge recorded by the

current integrator. The absolute error of the differential

. eross sectlon is about a factor of two and was estimated in

the same manner as was described for the angular distributor

in section IV A. The relative error varles with energy



Fig. 13. Excitation Functlons. Exeitation functions for the_
formation of the five lowest states in 10 through the
reaction 11B(3He,a)10B are shown. The points indicate the a
particle yield at 90° to the beam direction. Their relative
uncertainty is 5% and the absolute uncertainty is about a
factor of two. The dashed line 1s derived from barrier

penetration theory.
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since it depends on the yleld which was low at low energles.
This error was computed statlstically and is about 20% at
E3He = 1.0 MeV and about 4% at Eéﬁe = 2,15 MeV.

The shape of the excltation function is indicative
of the fact that the 3He energies are less than the coulomb
barrier which is at about 4 MeV. The excitation function is
compared with a curve (dashed line in Figure 13) computed
from an expression for potential barrier penetration devel-

oped by Blatt and Welsskopf.L®

The table of Charged Parti-
cle Penetrabilities by Schiffer17 was used in the calculation.
The orbital angular momentum quantum number in the incident
channel was assumed to be zero in all but the case of the
formation of the 1.74-leV state. In this case this quantum
number was taken to be one in order to conserve angular
momentum. That this 1s required is the result of assuming
that an s% neutron is picked up in this case. This matter-

1s discussed 1n more detall in secﬁion V A. The calculations

appear to be 1in reasonable agreement with the experimentai

points.
C. Mean Lives of the Excited State of 1%B

1. 1.74-1cV “tate

105 yas

The mean life of the 1.74-MeV state in
determined from the Doppler shift of the 1.02-MeV y ray from

the 1.74 = 0.72-MeV transition, the only one which occurs.



58
An example of the coinclidence spectra obtained with the
discriminator set at criterion C, (see Figure 4) is shown in
. Figure 14. The 0.511-MeV peak in the spectrum results from
chance coincidences of annihillation radiation from the
positron decay of 13y produced by 1lB(3H_e,r;)13N reactions.
The 0.41-MeV y rays came from the 2.15 - 1.74-MeV transition
in 108 and from neutron-induced reactions in the NaI(TZ)
crystal. The other y rays are from the other transitions
in 10B indicated in the figure. As mentioned above, when
measuring the shift of the 1.02-MeV peak the fact that the
2.15-MeV state decays about one-third of the time through
the 1.74-MeV state must be taken into account. The magnitude
of this contribution was determined by estimating the popula-
tion of the 2.15-MeV state relative to the 1.Th-MeV state
from the ratio of counts in the 1.02-MeV peak to those in
the 1.43-MeV peak produced by transitions from the 2.15-M§V
state to the 0.72-MeV state. This ratio combined with
differences in counting efficiency and the known braﬁching
ratios of the 2.15-MeV statelB_showed that less than one-
seventh of the 1.02-MeV peak resulted from cascades frbm the
2.15-MeV state. The effect of the contribution of these
cascade y rays was shown to be too small to be seen in these
measurements .

The reason the 0.41-MeV peak was not used to estimate

the magnitude of this correction 1s that much of that peak



Fig. 14, Pulse-Height y»Ray Spectrum for Measurements on the
1.74-MeV State in 1OB. These vy rays are in coilncidence with
a particles satisfying the criterion C, of Fig. 3.' This is

' typical of the spectra used to determine the mean 1ife of

the 1.74-McV state in '°B. The multichannel-analyzer

sensitivity was set so as to count only channels above 60.
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resulted from chance-coincident y rays from neutron-induced
reactions in the NaI(T£) cerystal. The excitation of states
around 0.4 MeV in the NaI(T£) crystal was the result of
inelastlc scattering of neutrons produced in the reactions
llB(3He,n)13N. A separate measurement using a Pu~Be neutron
gsource was made to determine the intensity of the y rays
from this process. Alpha particles from an 241Am source
were used to provide random pulses to.the colncidence gate
at a known rate and the chance~colncident y rays produced by
(n,n') reactions in the crystal were then counted. By this
procedure, it was found that the y rays from the neutrons
1ne1$stica11y gcattered 1n the detector crystal were suffl-
cient to account for about 50% of the 0.41-MeV peak in
Figure 14, | |

After_subtracting the background and making the
correction for the unshifted 1.02-MeV y rays in the cascade
from the 2.15-MeV state, the shift from five runs in the for-
ward and-backward directions was determined to be 7.25 + 0.5
channels in 246 channels. This shift was measured by refer-
ring the individual peaks to the unshifted peak from the
0.72~MeV y ray. The error 1s the square root of the sum of
squared deviations from the sample mean. This shift corre-
sponds to a mean final velocity of (4.62 + .33) x 10° em/sec.
The mean life of the 1.Tl4-MeV state was determined through
equation (10) to be (1.90 * 0.30) «x 10"'® gec. The error

was computed in the manner described in section III D. The
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two sources of error contributed approximatel& equally to
the total error. |
2. 2.15-MeV'State

The mean life of the 2.15-MeV state was detefmined
from the Doppler shift of two of 1ts three possibly decay-
modes; the 0.41-~MeV vy ray from the 2.15 = 1,74-MeV transi-
tion, and the 1.43-MeV y ray from the 2.15 -~ 0.72-MeV
transition. For measurements on this level, a magnesium-
backed target was used. An example of the coincildence
spectra obtained with the a-particle discriminator set at
C, (see Figure 4) is shown in Figure 15. TFor this spectrum
the discriminator was set to pass all pulses produced by o
particles to the 2.15-MeV state. As a'result, the number
of Olul-MeV y rays in true coincldence with @ particles was
much larger than the number of b.Ml-MeV y rays from chance
coincidences. This 1s in contrast to the situation depicted
in Figure 14, The 0.41-MeV y-ray peak had good statistics
and the proximity of the 0.51l1l-MeV annihilation peak offered
a good reference from which to measure the shift. However,
since the Doppler shift is proportional to the y-ray energy,
inAfhis case 1t was small and difficult to measure accurately.
Four independent hour-long runs in each direction were made
giving a boppler shift of 0.55 + 0.13 channels in 85 channels.
The error is again the square root of the sum of squared
deviations from the sample mean. This shift corresponds to

a mean final velocity of (10.5 # 2.U4) x 10’ cm/sec.



Fig. 15. Pulse-Helght y-Ray Spectrﬁm for Measurements on

- the 2.15-MeV State in 103. These y rays are in coincidence
with @ particles satisfying the criterion C, of Fig. 3.
This is typlcal of the spectra used to determine the mean
1ife of the 2.15-MeV state in 1°B. The multichannel-

analyzer sensitivity was set so as to count only in channels

above 60.
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Although the shift of the 1.43-MeV y-ray beak was
three times that of the 0.41-MeV y-ray peak, the 1.43-MeV
peak had poor statlstical accuracy. The shift was measured
from the same four runs described above and was 1.6 £ 0.8
channels in 300 channels, which gives a mean final velocity
éf (9.0 + 4.5) x 10’ em/sec. Part of the inaccuracy of this
shift measurement was due to the lack of a close reference
peak. The peaks from tﬁe 0.71-MeV and 0.511-MeV y rays were
used as references. The value adopted for the mean final
velocity was (10.2 + 2.4) x 10" cm/sec. This velocity
together with the stopping-power data gave Sti X 10'13 séc
for the mean life of the 2.15-MeV state. The mean life was
sensitive to the error in the measurement of the mean final
velocity, since this mean life 1s near the upper limit of
times that can be meéasured by this mefhod. This error and
the 10% uncertainty in the stopping-power were combined in
the manner described in section III D. '
| 3. 3.58-MeV State |
The Doppler shift of the 2.89-MeV vy ray‘from the

10B was

transition between the 3.58- and 0.72-MeV states in
measured using a copper backing in order to}obtain the mean
life of the 3.58-MeV state. Although this étate decays to
other lower states the above transitlons was the only one
which could e clearly identified in the coincidence spectra.

An example of the spéctra obtalned with the coincldence
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circuit gated on the a particles from the formation of the
3.58-MeV stéte (see Figuré 5) i1s shown in Figure 16. The
peaks have been previously ldentified. The galn of the y-ray
detectlion system was stabllized electronically so that the
peaks drifted less than } channels throughout the experiment.
A total of six runs were made at each of the two y-ray detec-
tor positions. Although the peak is difficult to see it was
conslstently located 1h all the runs. However, since the
peaks were weak, the two sets of three runs were added sepa-
rately in the forward and backward cases. Thus two determi-
natlons of the shift were made from the data combined in
thls way and the résults were cbnsiétent with the other
determination. The 2.89-MeV y-ray peak could be clearly
seen in the combined.spectrum. The reason that runs long
enough to produce the equivalent of the combined spectrum
were not made was that, because the 3He beam current éould
not be maintained above 0.5 pa for extended periods and
5ecausé the counting efficiency for y rays wilth this energy
1s low, the runs made avcraged about 3 hours in dﬁration.

The shift in the 2.89-MeV y ray was 76 + 20 keV. This
corresponds to a meén'finai velocity of (4.50 % 0.7) x 10°
em/sec which in turn gives the value (1.75 £ 0.70) x 107*°
sec for the mean life of the 3.58-MeV state. The errors
from the determination of the mean final velocity dominated

the errors resulting from the stopping power uncertainty.



Fig. 16. Puise-Height v-Ray Spectrum for Measurements on
the 3.58-MeV State in 10B. These y rays are in coincidence
with @ particles satisfying the GATE criterion of Fig. I,
This 1s typical of the spectra used to determine the mean
1ife of the 3.58-MeV state in 10B. |



COUNTS PER CHANNEL

250

200

150

100

- 50

| By

F

0.511-MeV

50
45
40
35
30

CHANNEL NUMBER

25
[
| 20} |
| 2.?I-Mev 2.89-MeV
L S . ! 3.58-MeV
‘w‘. l o IO § ) [ ] .. .. L] .. I
..... :. .:.. :o’o.ﬁ 5 . 0. .o.o .o. :. ..:.....oo : = ° ) o ° w oo
1 C e ’:'/*L . 3 ° ] et Wt e
100 200 300 400

@9




66
D. Mean Lives of Excited State in 1N

l. 2.31-MeV State

The mean life of the 2.31-MeV state in th was meas-
ured from the shift of the ground state transition. An
energy level diagram for thils nucleus18 is shown in Figure
17 where the levels are labeled by thelr energy, spin,
parity and isotopic spin. A copper backing was used and the
shift was measured relative to a reference peak. In Figure
18 examples of spectra used to measure the mean lives of
threce excited states in 1uN are shown together. Only the
part appropriate to the 2.31-MeV state, part (a), will be
discussed here; the other parts will be discussed In the
following sections. In Figure 18(a) the 2.31-MeV y ray from
the decay of that state 1s shown along with the 2.7S-Mev
reference peak. This spectrum was obtalned in coincidence
with protons satisfying the criterion C, (see Figure 6). The
reference peak appears by chance colncldence and was produced

QuNa radioactive source that

by vy rays from the decéy of a

was placed near the detector. The location of the Doppler-

shifted peak was determined relative to this reference peak.
Measurements of the Doppler shift gave a value for

24N nuclei in this state of

the mean final veloclity of the 1
(2.55 + 0.24) x 10° cm/sec, which corresponds to a mean life

~of (8.3 £ 3.0) x 10™** sec for the state. The error 1s a
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Fig. 18. Pulse-Height y-Ray Spectrum for Measurements on

States in luN. These y ray peaks are a) from the 2.31 MeV -

L
1 I and from a 24Na reference source,

g.s. transition in
b) from the 3.5 = 2.31 eV transition in 1uN and from a zuNa
refercnce source and c¢) from the 5.10 MeV = g.s. transition

)i
in 1‘N and from a Pu-Be source.
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combination of the uncertainty in the Doppler-shift measure-
ment; determined from a statistical analysis of several
measurements of that quantity and from uncertainties in the
stopping powers used to compute the mean life. In thls case
the error in the veloclty measurement was more important
than the error in stopping power. This result agrees with
previous values obtained by Swan et al.lg'((T.l + 1.8) x

14 4ec) and by Booth et al.2® ((9.7 # 3.0) x 10™** sec)

10
using resonance fluorescence techniques.
2. 3.95-MeV State

The 3.95-MeV state decays to both the ground state
and the 2.31-MeV state (srce Figure 17). The y ray from the
transition to the latter was used for the Doppler-shift
measurement. In Figure 18(b) an example of the spectra
obtainéd in coincidence with protons satisfying criterion C,
(sée Figure 6) is shown. Here the 1.54-MeV y-ray peak from
the decay of the 3,95-Mev state to the 2.31=MeV state
appears along with the 1.37-MeV y-ray reference peak. The
" location of the shifted peak was determined relative to this
reference peak. The reference peak was produced by a 2“Na
radioaétive source and occurred in the spectrum by chance
éoincidences ﬁith the protons. The Doppler shift was deter-
mined to be 31.6 % 2.1 keV from six hour-long runs made in
each directlon. This is the maximum possible shift allowed
by the kinematics of the reaction so that from these measure-'

ments only an upper limit can be placed on the mean life of
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the state. The value of this limit 1s chosen to be that
mean life that would correspond to a mean flnal velocity
which is less than ﬁhe initial velocity by an amount corre-
sponding to the error in the shift measurement, using, in
the computation, the lowest values of stopping power consis-
tent with their uncertainty. The limit defined in this way
was T < 2.5 x 10°** sec.

3. 5.10-MeV State

As was mentlioned before, the protons from the forma-
tion of the 5.10-MeV state were not resolved so that the
Doppler shift of decay y radlation from thls state must
result from center of mass motion. An example of the non-
coincident spectra used to determine the shift 1s shown in
Figure 18(c). The 5.10-MeV y-ray peak produced by the
ground state transition 1s shown. Thils y ray was used for
the measurements on the 5.10-MeV state. Also appearing in
the spectrum is fhe M‘43-Mev reference peak along with the
peaks from the first and second escape of that vy ray; The
reference y rays were produced by a”fﬁ-Be-source. Six
measurements on the 5.10-MeV y rays in forward and backward
directions ylelded no detectable Doppler shift relative to

1uN nuclei in the 5.10-MeV state

the reference peak. Thus
are stopped on the average before emitting vy rays. Only a
lower limit to the mean 1life can be.obtained. Since

coincidences were not used in this measurement, to obtaln a
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1imit for the mean 1ife, 1t was necessary to estimate the
average initlal velocity of the recoiling nucleil in this
state. Since an accurate determination of such a velocity
would require detailed knowledge of the differential cross
section, é conservative estimate of that veloclity was made.
The smallest 1initlal velocity in the above average occurs
for the case where the proton proceeds in the forward direc-
tion, and this velocity was used as the initial velocity.

A mean final velocity corresponding to the largest shift
which would not be detected was determined. These two
extreme values were then used to compute'a mean life which
was taken to be the lower limit. Thus the mean life of the
5.10=MeV state was computed to be T > 2 x 10™'° sec.

» | For convenience the results of the mean life measure-’
ments are summarized in Table IXI. In this table the state
is identified in the first two columns. The next two columns
list thelinitial and mean final velocitles of the recolling
“nuclei. The fifth column lists the measured mean lifes and
the last column lists the total widths which are related to

the mean lives by the relation I (ev) T (sec) = 6.58 «x 1078,

E. Mixing Ratio

The angular distributions of the two y rays from the
- decay of the 2.15-MeV state were measured as described in

section III E. These measurements were made at 90° and 125°



TABLE II

Summary of Measured Mean Lives

Nucleus briadas | = X 207 Zcf- x 107 M‘;‘%isx‘fi'ii Total Widths
gsec) (x 107 ev)
10 3.58 = 2.36 1.49 £ 0.23 (1.'}5 + 0.70) x 10713 3.75 + 1.3
105 2.15 2.69 0.35 # 0.08 5ti x 1072 .13 £ 0.035
105 1.74 2.‘5'3 1.54 £ 0.11  (1.90 % 0.30) x 10 *° 3.5 % 0.6
iy 5.10 0.41 < 0.05 > 2 x 1072 < 0.33
1y 3.95 1.07 1.06 + 0.07 < 2.5 x 107" | > 26
Uy 2.21 1.17 0.85 + 0.15 (8.3 £ 3.0) x 107" 7.9 # 3.0

A
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in one experiment and at 0°, 55° and 125° in another. In
both cases several runs were made fdr a fixed number of
monitor counts, that is, for a fixed number of @ particles
from the formation of the 2.15-Mev state proceeding in the
forward direction. Thils number corresponded to about
1.8 x 10"® coulombs of beam charge; Examples of v-ray
spectra observed at 125° and 90° to the incident beam are
displayed in Figure 19 a and b, respectively. The peaks are
labeled by the energy of the y ray producing them. Their
origins are discussed with reference to Figure 14 in
section IV D.

The coefficients, A,(10) and A,(11) were determined
in the manner described in section III E and the function
f(x)-was found to be 1.35 % 0.78 in the first experiment and
0.98 = 0.50 in the second experiment. The reason the latter
1s more éccuréte is that the dependence of £(x) on A, at 0°
is twice.as strong as 1ts dependence at 90° as can be seen
from equations (23) and (25). The statistical average of
these values 1s 1.05 % 0.41. The mixing ratio was determined
with equation (15) by picking the value of x which give the
measured value of f(x). The ratio, x,'of amplitudes of E2
and M1 multipole radiation in the 1.43-MeV transition from

10B was deter-

the 2.15-MeV state to the 0.72-MeV state in
mined to be |x| < 0.07. That 1is, wlthin the accuracy of the

experiment no quadrupole radiation was observed. This



Fig. 19. Pulse~Helght y-Ray Spectrum for Angular Correla-
tion Measurements. These vy réys are in coincldence with o
particles satlisfying the GATE criterilon of Fig. 9. This 1is
typlcal of spectra used to determine the mixing of E2 to Ml
multipole radiation in the 1.43-MeV y ray. |
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result indicates that there is very little, if any, collec-
tive enhancement of the E2 multipole component in this

transition.



V. DISCUSSION OF RESULTS

A. Plane-Wave Butler Theory for (3He,a) Reactions

The angular distribution of the @ particles from the
1lB(3He,G)10B reaction displayed an obvious lack of symmetry
about 90° in the center of mass system. Also in some cases,
forward peaking was observed. Both these phenomena are
characteristic of direct reactions in which the reaction
takes place without the formation of an intermediate compound
‘nucleus. We declded to try to fit the angular distribution
with a curve derived from direct reaction theory. There are
many forms or degrees of approximation of the theory which
lead to the calculation of specific angular distributions.
"In most cases these approximations fall into one of two
important categoriles, the plane wave Born approximation
(Butler 'cheory)21
(DwBA) .22

and the distorted wave Born approximation
The Butler theory appeared flrst and had many
successes. The latter differs from the former, as their
names imply, in the approximation made about the wave func- :
Vtions of the incident outgoing particles. The Butler

theory approximates them with plane waves, while DWBA
accounts for the long range distortion by using wave func-

tioné obtainea from elastic scattering data.
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The approximation used to interpret the measured
angular distributions is the Butler theory which will be
extended to the case of (3He,a) reactions. This approxima-
tion 1s probably not as good as the DWBA for the cases
- dlscussed here but is more convenlent tb use. The effect of
ﬁsing plane waves is to greatly reduce the accuracy of the
absolute magnitude_of the differential cross sectlon predic-
tions. The reason is that tiie form of the radlal part of
the wave function will directly effgct the magnitude of the
matrix elements. The distortions of the wave functions are
caused by central nuclear and coulomb forces, so that the
angular part of the wave function will only be affected by
the difference in the way non-central components of the
nuclear forces 1are applied. Since non-central compohents of
the nuclear forces are relatively small,16 the angular part
of the wave function is not expected to be affected much by
this approximation'to the wave functions. The form of the
angular distribution is governed by the angular momentum of
the nuclear states involved, as well as the'energy and spins
of all particles. Since the angular 1nformation is contained
in the angular part of the wave functions, it is expected
that the Bﬁtler theory will at least predict the shape of
the angular distribution. Since all the quantum numbers
which angular distributions usually predict are lknown in
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this case the only information that will be obtained from
the analysls 1s whether or not the reaction is direct.

A direct reaction 1s one which proceeds from an
initial configuration (incident particle and target) to a
final configuration (product nuclei) directly, without form- |
ing an intermedlate state which lives long enough to erase
any memory of the initilal configuration. This 1is one brief
way of defining direct reactions; for more complete treat-
ments of the topics discussed here the reader is referred to

a recent survey article22

and to the references therein.
There are two distinct dlrect processes which could take
place in the (3He,a) reaction. In one the SHe ion picks up
a neutron as 1t ﬁasses close to the surface of the target
nucleus. This 1s the process which appears to dominate the
cases measured here. In the other process the 3He nuclel 1s
absorbed into the target and an a particle is immedlately
emlitted. In order for this exchange process to occur in a
direct manner 1t must be assumed that the a particle existed
as a separate entity in the target nucleus. This configura-
tion haé a reiatively small probabllity of being present.
Backward-peaking in the angular dlstribution 1s indicative

23,24

~of exchange processes. Thls feature was not observed

in the data presented here. The exchange contribution is

23

"assumed to be small as might have been predicted and is

therefore not dispussed further.
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Plane wave pick=-up theory willl be deveioped for

(3He,a) reaction in essentially the same manner Tobocman2?
develops (p,d) pick-up theory. In the first order Born
approximation, the differential cross section is given in
terms of the wave numbers assoclated with the incident and

outgoing channel by

do1 k
e

where 41 refers to the incident channel and j to the exit

, (27)

Ay y(ky k)

channel. The wave number, k is defined in the following

manner

P-[2E - £  (28)

where u 1s the reduced mass of the two particle systém, E is
the energy of the system and p 1s the relative linear

momentum. The amplitude Aij 1s the matrix element
A,, = < @ v, le. T > (29)
1j J Ji'ra ".

for the interaction, in' The superscripts - and + signify
incoming and outgoing particles, respectively. For a plane
wave approximation, the wave function may be written 1n the

form'

() < ex4(-)1E - Fyp ] w(8) 0(B)  (30)
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where p refers to the incildent (exit) particle and t refers
to the target (residual) nucleus.

For (3He,a) pick-up reactions let the subscript, B,
refer to the incident 3He particle, @, refer to the outgoing
a particle and, I, refer to the target nucleus consisting in
a core, C, and a neutron, n. Thus the entrance channel wave

function is.

Py = e'iﬁﬁ'gmvw(i) Pg P, Pg | | (31)
and the exit channel wave function 1is

o = ka'Fea p(a) P P, g (32)

where mY is the internal wave function of the particle, vy.
For convenience the reaction 1s pictorially represented in
Figure 20 where part (a) depicts the incident channel and

part (b) the exit channel.

The Hamiltonian of the system 1s

Hin = Tag + Tne + Ve + Vae + Ven
(33)

H

Tout ™ Tea * Tnp * Vne + Vns * Vo

where Tab is the relative kinetic energy of the (a + b)
system and vab is the interaction between a and b. The

initial state Hamlltonlian 1is

Hy = Tpp + Tno + Vg - (34)



CORE~/” ™\ ~
3 S \
H i TARGET (I)
e \\ \\‘/
B > .
=\ Q)
\
B N NG
NEUTRON
INITIAL STATE

FINAL STATE

Fig. 20. Schematic Diagram of Pilck-up Reaction.
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and the final state Hamiltonian is

Hy = Tog + Ty + Vpp - (35)

The interaction terms for the initlal state are,VBc and an
and for the final_state they are VBC and th. If it is
assumed that the core does not interact with the incident
3He particles, the VBC is zero. It will a2lso be assumed
that all interactions are central. The matrix element may

now be vritten as follows
- ikyroeo : lkp-rpy
Ayy=<e ko rq Pa0 T (Tya) VetV le P PpPPePr (T c)>

= derBIdrn e~ 1Kq Toq w;(rnﬁ)(vnﬁ+vnc)eikﬁir15 mI(rnC) ,

(36)
where the fact that <'myle > = 1 was used. It is conven-
ient‘to make a change of variables_ét this point from rIB
and Toq to rnﬁ'and LI by making use of the following rgla-

tions which are vectorially represented in Figure 21

1p = Tng " W Tnp (37)
Tag = “Tpo t o r.a ' (38)

th

where m, is the mass of the a nucleus. Making these

substitutions the matrix element becomes



FINAL STATE

Fig. 21. Coordinate Diagram
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Ry = Idrnﬂ Idrnc e % Tnc m;(rnc)[v(rnc) + v(rnﬁ)]

eiv-r

X np ma(rng).v - (39)

where » and v are defined as follows

LAY (40)
and
S o fBy - 2] (41)

Although x and v were obtained from a straight forward
change of varlables they have specilal physical significance;

% 1s the momentum transferred to the 10

B core and v 1is the
momentum transferred to the 3He nucleus. From the definition
of these quantities 1t is seen that their values depend on
the relative directions of ky and k. It is through these
momentum transfers that the cross section obtains its angular
dependences. This fact 1s apparent in the expression for

the cross section derived below. The interactions V(rnB) and
V(rnc) are eliminated 5y using Schroedinger's equation which

can be written in the form
V(r)o(r) = & (v° - o*) (42)
o\ ’

where w 1s defined in terms of the binding energy, BE, of
the system by ‘
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h ‘
Making use of equation (42) the integrations in equation (39)

can be simplified in the following manner

[ar et y(r)o(r) = [ar 71K g.; (¥ - o )o(r)

= - g;:[k? + w‘]*jdr omikeT m(f), (44)

The matrix element can now be written in the form

2 2

" + k:) + 3 _ .
Ay, = [ﬁ_____ﬁ + -————E:J fe Inrhe o(r_,)dr
J Hnp Mne ne " ne

x [elV°F ool gdar, C(45)

The wave functions ma(rnﬁ) and mI(rnc) are assumed to repre-
sent states of sharp angular momentum so that they may be
written expressly in terms of the orbital angular momentum,

£, and its prpjection, m
. .
vp{rng) = P1{ryc) vg (9ng) (46)
and

oa(ryp) = 96 (rpg) ¥ () (47)

where y? (Qnﬁ) are spherical harmonics. At this point it is
convenient to define a function which occurs often in direct

reaction theory
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Fio(k) = [of ™7 of(r) ¥j(0) . (48)

If e'ik'r 1s expanded in terms of spherical harmonics it has

been shown that25

P00 = 4mf y30) [ ar 2 j0edel(s) . (u9)

The matrix element expressed in terms of F%m(k) is

| n’ o+ vi+ g
hyy o [_T;_ + _—_J;‘-EI- :] Fyae(n) Ffm(v) . (50)

If the reference axls for the coordinates used in F%m(k) is
chosen to coincide with the argument, k, then the factor

y?(nk) will be given by

Y30) = 6.0 wfvr - S (51)

The.integral in F%m(k) can be approximated in two
ways. One way is to impose a surface postulate which
requires all the 1ﬁteraction to take place outslide a sphere
of radlus, R, about the target nucleus. The effect of this
approximation is to place a lower cutoff on the integral.
The integral can then be evaluated since the wave function,
@, outside the nuclear radius 1s known to be proportional to

26

a Hankel function. With this approximation the function

Fﬁ(k) becomes
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P00 = e [ 3,0) - 3,00y oo n{M (1) ], (52)
A :

(k™ +w

This method 1s employed in what is usually called the Butler
theory. An alternate method, first suggested by Bhatla et
al.,%7 1s to observe that, because of the (kR)®-dependence

of the Bessel function and the exponentially decreasing
dependence of @ on r, there will occur -a sharp maximum in

the integrand at some radius, R, which will be called the
fadius of the nuclear surface. The integral 1s then approxi-
‘mated by the value of the integrand at that surface as

follows

A . R® ¢ ‘
Folk) = = o,(R) I (xR) . (53)
WA
These two approaches result in the same distribution.
However, the former will usually require a smaller radlus
than the latter to fit the same data.

Becaﬁse of its simplicity, the latter approximation
was made through the analysis of the present experiments.
No attempt has been made to retain factors which are inde-
pendent of'direction because the absolute magnltude of the
cross section is of questionable value in a plane-wave ,
approximation for incident energies lower than the coulomb

barrier.
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The amplitude may now be written as

n? 4wl vi+ow
A,y & |————= &
1] T

]az(mﬁ IgevRg) 5 (58)

and therefore the differential cross section becomes

2 wa 3+8 -
dg [n + wy . v wa]’ J;("RI) 371 (VRy) . (55)

Hne MnB

The value of £ 1s determined by the state in which the

neutron moves about the core. For 11

B the shell model pre-~
dicts 1t to be a pa/3 state, therefore £ = 1. Similarly the
value of £' in determined by the state in whieh the neutron
moves about the 3He core. Here the shell model predicts

" this state to be's%, therefore £' = O.

The angular distributions of the « particles from

10B were fit

the formation of the first three states in
wilth this theory by calculating the distribution, varying

RI and Ry to obtain the. best fit. Figure 22 shows the '
distribution of the @ particles from the formation of the
"ground state; the points are the experimental data and the
solid line is the theoretical fit. The best fit was obtained
for Ry = 1.5 x 107" cm and Ry = 4.1 x 10™*® cn. The shape
appears to be fairly well predicted by the plane-wave theory
although the relative magnitude predictions are not very

good as was expected. The conclusion 1ls that direct



Fig. 22. Angular Distribution of @,. The angular distribu-
tion of @ particles leading to the ground state in OB from
the reaction 11B(3ge,a) 0B 1s plotted. The points are the
experimental data plotted'to an arbiltrary scale with a rela-
tive uncertainty of 5%. The solid curve is the Butler plane
wave pick-up prediction with Ry = 1.5 fermis, RllB = 4,1
fermis and £ = 1,
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interactions are present in the reaction. 1In making this
conclusion 1t should 5e pointed out that there are other
nuclear processeé which do have non-symmetric distribution.
Such a process 1s one in which the compound nucieus is
formed but decays after one or two internal collisions
rather than many as 1s assumed in the statistical approach.
Here the probability of such a process is assumed to be
small compared to the probability of a direct interaction
at the surface. Thus, the angular dependence is assumed to
receive its dominate features from the direct process,

In Figure 23, the distribution of @ particles from

1OB is shown. Again the

the formation of the 0.72 state in
points are the experimental data and the'line is the predic-
tion of the plane-wave theory. The radll that gave the best

fit are Ry = 1.5 x 107 cm and Rg = 4.3 x 107" em. The
| predicted shape appears to fit the data; although, agailn,
the magnitudes do not agrée everywhere. Therefore, 1t 1is
assumed that direct interactions are present in this reaction
also.

In Figure 24 the distribution of the @ particles

from the formation of the 1.TU-MeV state is shown. In this
- case the shape of the distribution could only be fit with
the theoretical prediction if the value for £ was taken to
be O, rather than 1. That 1s, 1f the theory applies the

neutron is removed from an inner s; shell rather than the

outer pa/ shell. No reason for this can be given although
2



Flg. 23. Angular Distributidn of &, ., The angular distribu-
tion ofva particles leading to the 0.72-MeV state in 10B
from the reaction 11B(3He,a)lOB is plotted. The poinﬁs are
the experimental data plotted to an arbitrary scale with a
felative uncertainty of 5%._ The so0lid curve 1s the Butler

plane wave pick-up prediction with Ry = 1.5 fermis, RllB =
4.1 fermis and £ = 1.



avi
6

002l 006 009 oOE

el

do/dQ (ARBITRARY UNITS)

I { { 4 I T
)
.
°
°
°
.
.
°
.
® —
° u
° -l
°
°
.
.
.
.
.
.
) .
°
°
°
.
°
°
®

T6



Fig. 24. Angular Distribution of a@;. The angular distribu-
tion of a particles leading to the 1.74-MeV state in 105 from
the reaction 11B(3He,a)103 is plotted. The points are the
experimental data plotted to an arbitrar& scalé with a rela-
_tive uncertainty of 5%. The solid curve is the Butler plane
wave pick-up prediction with R, = 1.5 fermls, R11B = 3.9
fermis and £ = O.
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it should be pointed out that this final state has isotopic
spin T =‘1 whereag all the others have T = 0. Attempts to
fit the data with £ = 1 were made and some degree of success
was obtained if the value of the radius of the 113 nucleus
was assumed to be about twice what was.observed in the other
cases. This was not thought to be physically meaningful.
Also, the possibllity that the distribution is really
symmetric about 90° was investigated. Two separate measure-
ments of the distribution were made for E3He = 2,15 MeV
besides the measurements at 1.0 and 1.8 MeV. All results
indicated that the peak observed in the distribution was not
at 90° in the center of mass system. This is clcar in
Figure 24 where the points are the experimental data and the
line 1s the theoretical prediction with £ = 0. The values
of the radii which best fit the data are R, = 1.5 x 107~ cm
and R11B = 3.9 x 107'® em. Direct reaction mechanism is
assumed to be present in this case although the reason for
the removal of an s%-heutrOn is not Qlear;

The angular'distribution of the a particles'from the
formation of the 2.15-MeV state appeared to be symmetric
about 90°. This can be seen in Figﬁre 25 wherevthe peints
represent the experimental data. Because of thls symmetry
the data were fit with the flrst two even lLegendre poly-
nomials. The fit 1s indicated by the solid line in the
figure and appears to support the contention of symmetry

about 90°. The exact function used is



Fig. 25. Angular Distributlon of @, . The angular distribu-
.tionbpf a particles leading to the 2.15-MeV state in 10B
from the reaction 11B(3Hc,u)1o}3 1s plotted. The points are
the experimental data plotted'to an arbitrary scale with a

~ relative uncertainty of 5%. The solid curve 1s the symmetric
function w(e)'='i(1 + 1.25 P, (cos 8)).



oh

1I50°

120°

S (SLINN AMVYMLISHV)UP/2P

60° 90° -

300

GCMS



95
W(e) = I[1 + 1.125 P,(cos 8)] . (56)

Because of this symmetry 1t was concluded that the reaction
leading to thls state proceeds through a compound nucleus
most of the time.

B. Comparison of Mean Lives to.Shell Model Predictions

In this sectlion the measured values of mean lives
'will be compared with several theoretical predictions of
these quantities.

In general a y-ray transition probability (radiative
width) is written

Te|<yploley > (57)

where 'i and tf are the wave functions of the initial and
final states, respectively. The operator, 01, describes the
electromagnetic interaction and can be expanded in a'series
of terms each of which 1s assoclated with either an electric
or magnetlc transition of definite multipolarity. This
total radiative width is related to the mean life by the
expression I'tT = h,

. weisskopf28

has calculated values for radiative
widths by using single particle wave functions. He assumes
that the radial part of the wave function 1s constant inside
- the nuclear matter and that the single particle moves in a

spherical potential with well defined angular momentum. The
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Iradiative widths determined under these assumptions will, in
general, be larger than if more realistic wave functions
were used. For this reason they are called Weisskopf limits
and are often used as a basis for comparing measured mean
lives.,

In Table III the results of our experiments are
compared with the Welsskopf limits. The first two columns
define the transition, the third colum gives the multi--
polarity of the transition and the fourth column gives the
change in isotopic spin. The fifth column lists the
Welsskopf 1limit forvéach transition which is to be compared
with the experimentally determined widths listed in the
sixth column. The last colum 1lists the ratio of measured
wildths to Welsskopf limits. Wilkinson29 has compiled other
available data and has made a similar comparison. He finds
that, for Ml transitions, experimental widths are about 1/7
times the Weisskopf lim;ﬁ.‘ However, for self-conjugate

10B and luN are examples, there 1s a selec-

nuclgi, of whilch
tion rule proposed by Morpurgo3o.whieh inhibits M1 transi-
tions for which the change in isotoplc spin 1s not AT = + 1,
-He suggests that transitions violating this_rule should be
inhibilted by a factor of 100, so-that the associated width
should be about ;/700 times the Welsskopt limit. Finally
Wilkinson finds that most E2 transitions are about 5 times

the Welsskopf limits.



TABLE ITI

Comparison of Radiative Width with Weisskopf Estimates

Measured

Nucleus Tragsition © Multipolarity AT E;timate; 'y Vaiue T'py Fm/Pw
: (10*2 ev) (107° ev)

1% 3.58 = 0.72 M 0 700 | 3.0 0.00432
10g 3.58 - g.s. m 0 1200 0.70 0.0058%
105 2.35 - 1.74 il a1 2.5 0.0k 0.016
10  2.15 ~o0.72 M1 0 80 0.05 0.0062%
10p 2.15 = g.s. E2 0] 06 o.oh .6
10g 1.74 = 0.72 M -1 100 3.46 0.0086
Wy 395 -2.3 M +1 150 . >25.0 > 0.166
My 3.95 - g.s.  | M 0 3000 5 1.0 > 0.000332
My 2.3 - gus. M1 -1 700 8.0 0.012

8These transitions violate the isotopic spin selection rule for self-conjugate
nuclel. : ' '

O
-3
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The results of the compar;son indicates that the
radlative widths measured here are similar to other widths
measured for other nuclel. Of particular interest is the
fact that‘the isotopic spin selection rule apparently holds.
These measurements provide the most extensive test of this
selection rule to date.

A more realistic comparison of fransition probabil-
1ties can be made with predictions calculated from the shell
model with intermediate coupling. The nuclear shell model33
has been very successful in describing ground state prop-
erties of nuclei. When the model is applied to excited
states, complications occur which require.extension of the
model. One such complicatibn is the queéfion of how to
couple the odd nucleons in an odd-odd nucleus. If, in 1uN,»
the holes in the p~shell are assumed to behave as particles,

10B and 1uN are both examples of this case.

the nuclei
These two nucleons interact with the core, that 1is, the
filled shells, through an average central potential. Also
they interact with each other through two distinet potentials.
One 1s the spin-orbit interaction, a(Z-E),~and the other is

a nuclear exchange interaction, K, which depends on their
separation. Over the range of nuclei filling the p-shell,
a/K will vary as a since K is not expected to change mnch.3u
Strictly speaking LS coupling applies for a/K = O and J-j

coupling applies for a/K = . However, these different
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coupling schemes describe the nucleus reasonably well if
a/K € 1 or if a/K » 5, respectively.

The intermediate coupling mode135"38 applies for the
cases where 1 € a/K < 5, that is, where neither extreme
coupling scheme applies.l In this model the intermediate
wave functlions are obtained38 in terms of either LS or j-J
wave functions. The base wave functions are calculated
using either a/K = 0, or @, The spin-orbit coupling is then
included in the Hamiltonian as a function of the parameter
a/K. The Hamiltonian is diagonalized by a transformation
which 1s in turn used to generate the intermediate coupling
wave functions in terms of the base functions. These inter-
mediate wave functions depend on a/K and are used to calcu-
late the matrix elements in the expression for the transibion
probabilities. This calculation has been carried out for
108 py kurath3" for several values of a/K. His results are
expressed in terms of transition strengths, A, which are
proportional to the radlative widths with thé dependence on
the y=-ray energy taken out. Explicitly for Ml transitilons,
A 1s defined as

A(M) = T(ML)/2.76 x 107° Ei (58)

and for E2 transitions as

A(E2) = I'(E2)/8.02 x 1o'°.,,EY

(59)
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where EY is the y-ray energy. Kurath's calculations are
compared with experimental results in Table IV. The first
colum specifies the translition, the second éolumn givés the
multipolarity of the transition. The next six colums list
calculated valueé of the transition strengths for six values
" of a/K. The last colum 1lists the experimentally determined
transition strengths. For transitions in which'both M1 and
E2 are allowed, only the Ml transition is listed since in
ali cases the measured mixing ratios32 indicated that the
intensity of the E2 component was less than 20% of the total
intensity. The branching ratios used to determine the

radiative width of various transitions are those18

shown in
Figure 2. '

For the M1 transitions the experimental values of
the transition strengths indicate that 1.5 < a/K < 3.0.
These values of a/K do not agree with values which, accord-
ing to Knrath34, are necessary in order that the observed

105 pe predicted. That 1s, a/K must

energy level scheme of
be between 4 and 5 Af energy levels, which are identified by
~ their spin; parity and isotopic spin, are to occur in the
order observed. The fact that a/K might be lower than
Kurath predicts has been suggested before by w#rburton et

’ 31.31 They measured the branching ratio of decays of the
3.58-MeV state in 1B to the 0.72-MeV state and to the

ground state to be (4.2:1). Their value of this quantity



TABLE IV

‘Pransition Strengths for Transitions in 1°p

-
Transition pggigi;y ™ R %{g : 5 47;57 Em%gﬁtggl
3.58 - 0.72 1l 0.000  0.052  0.060 0.051 C .ol 0. 015
3.58 = g.s. Mm . 0.005  0.0M% 0.5 C.069 0.072 0.0059
2.15 - 1.74 . M 0.02 ~-% 9.22 13.27 12.27 . 11.31 © 0.18
2.15 - 0.72 m 0.001  0.135 0.046 0.039 0.038 0.0065
2.15 - g.8. E2 0.092  0.638 0.503 0.451 0.428 10.7
1.74 ~ 0.72 M1 62.8 —229.7 14,10  15.70  18.40 1.18

aThe symbol «~- means the matrix element changes sign between these entries,
i1.e., A vanishes in this interval.

10T
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agrees best with the intermediate coupling prediction for
‘a/K = 1, although the best agreement was poor. This ratio
is consistent with the y-ray intensities that we observed.
Therefore, 1t appears that the intermediate cpupling model
should be re-examined. .

The experimental transition strength of the E2
ground state transition from the 2.15-MeV states appears
much greater than the intermediate coupling model predicts.
Such enhanced E2 transitions are not uncommon and are usually
attributed to collectlive effects. The shell model calcuia-
tions discussed here do not account for core excitation,
that is, the excitation of nucleons in closed subshells.
Such excitations would involve many nucleons so that in
their decay larger angular momentum transfers are more .
likely than for single nucleon excitations. This situation
would tendito enhance the higher multipole transitions, such
as E2.

. The stfength for transitions in lnN calculated from
the intermediate coupling formation are not avallable.
However,vsuch strengths for extreme j-J coupling and for IS
coupling have been computed by.Wérburton and Pinkston.39
Their results for the states measured here are cémpared with
these measurements in Table V. The first two columns ‘
identify the transition and its multipolarity. The next
colum gives the radiative width determined from the mean

life and the branching ratios'C given in Figure 17. The
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TABLE V

Transition Strengths in '

Multi- A
Transition polarity Hpe‘z;;rilﬁgfal a(1-9)  b(18)  o(Ls)
2.31 = 0O M 0.27 . 2.45 046  0.70
3.95 = 2.31 M1 > 2.10 7.88  13.1  11.3
3.95 = 0 M > 0.0058  0.032 0.0029 0.0033

5.10 - 0O (E1,M2,E3)
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last three colums give the transition strengths calculated
from the extreme coupling schemes. ' Colum (a) 1ists the
results if j-J coupling39 is éssumed, column (b) and (c)
list results if IS bbuﬁling is assumed. These latter two
colums differ in that for the column (b) the wave functions

of Elliotul were used in the calculations and for column (c)

. those of Visecher and Ferrell'42 were used. These wave
functions differ in the cholce of force parameters used to
derive them. |

The experimental results indicate that LS coupling
applies for the 2.31-MeV state. The limit put on the mean
life of the 3.95 MeV indicates that LS coupling predicts
transition strength that are too small. Therefore LS1
coupling does not apply to thls state, whereas j-J] coupling
could apply.

Unfortunately little was learned from the limit
placed on the mean life of the 5.10-MeV state. The ground
state transition is unique because it has significant
components of three multipole radiation (El1, M2, E3), as was
shown by Blake et al.u3 The measured limit indicates only
that the E1 transition is inhibited, presumably by the
isotoplec spin selectlon rule29 AT = % i. ‘That the E3 is

enhanced could not be determined.



VI. SUMMARY AND CONCLUSION

The mean lives of the 3.58-, 2.15- and 1.74-MeV

10B and the 2.31-MeV state in 14N were measured

states in
and limits were put on the mean lives of the 5.10~ and'
3.95-MeV states in 1”N by the Doppler-shift attenuation
method. The states were produced using the reactions
113(3Hé,a)103 and 126(3He;p)1uN. The results of these
measurements are listed in Table II. In the employment of
this method the kinematics of the reactions were fixed by
observing vy radlation in coincidence with particles emitted
in a fixed direction in all cases but for the 5.10-MeV
state in luN.

These results are compared with predictions made
from the shell model. The 10B data are compared in Table IV
‘with predictions made from the 1ndependenﬁ particle model
with intermediate coupling. It is found that the cou:pling-
parameter, a/K, must lie in the range 1.5 to 3.0 in order to
obtain agreement with the experimental results. These
values dlsagree with those whlch give the observed energy
level scheme. A thorough examination of the theory 1s
needed.in order to explaln the discrepancy. ‘

In Table V the 1“N data are compared with predic-

tions made from the independent particle model with extreme

105
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J-J and IS coupling schemes. It appears that IS coupling
correctly predicts the mean 1life of the 2.31-MeV staté but
not that of the 3.95-MeV state. The experimental results
for the 5.10-MeV state are not sufficient to allow any
positive conclusions to be made rroﬁ them.

For completeness all the mean-life data are compared
in Table III to predictions made from the éingle particle
model by Welsskopf. The predictions disagree with the
experimental results by a factor of 10 which is not
unexpected because of the approximations in thé model.

The 1sot6p1c spin section rule, AT = % 1, for Ml transitions
in self-conjugate nuclel appears to apply for the cases
studied.

The angular distributions of a particles from the

loB by the reaction

formation of the first four states in
113(3He,0)IQB were measured. The results are shown in

' Figures 10, 11 and 12. These distributions were fit with a
curve predicted by an extension of the plane-wave Butler '
theory for pick-up reactions. The comparisons are shown 1in
Figures 22, 23 and 24.‘ The theoretical curves agree
reasonably well with the observed distribution. It 1s
therefore concluded that the reaction proceeds in a direct
.manner in all cases except for the formation of the 2.15-MeV
state. In ihis case the reaction appears to proceed through

a compound nucleus.
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Finally the mixing of E2 and Ml multipole radilations
in the 1.43-MeV transition from the 2.15-MeV state to the
0.72-MeV state in 10-B was measured. An angular correlation .
technique was used to determine that the mixing ratilo 1s
|x] = 0.07. This result indicates that there 1is very little,
if any, collectlve enhancement of the E2 multipole component

in that transition.



APPENDIX A

In the Doppler-shift attenuation method the assump-
tion 1s made that the velocity measured is the average veloc-

ity defined in an exact manner by

Vo
V = IO v f(v) dav , (A-1)

where f(v) 1s the normalized distribution of the velocities.
The velocity that 1s actually measured in the experiment is
that veloclty assoclated with the maximum of the observed
vy-ray peak. If the observed peak for monoenergetic y rays
1s assumed to be gaussianuu in energy, the shape of a peak
from vy rays with a distribution in energy, f[v(E)].can be
found by folding'this distribution with the gaussian resolu-

tion function in the following manner

N(E) = J':eﬂ%'g")‘ Af[v(E")]dE' s (A-2)

where o is the half-width of the gaussian at 1/e of its
maximum applitude. In order to find the maximum of N(E)
this equation is differentiated and set equal to zero,
giving the followigg equation for Em, the energy at which
the peak occurs
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- (5, - E!)°
[eEe & fIv(E')] $F aE
Em = . . (A=3)
- (B -E
" e 7Iv(E")] §F aE

This equation cannot be solved exactly since f(v) is not an
analytic function but rather decays from some maximum, v, in
an almost exponential fashion to v = O where it has a dis-
continuoﬁs Jump . ‘However, certaln features of the equation
can be pointed out. Flrst as the resolution funetion widens,
that is, as ¢ 1ncreasés, Em approaches the average energy'E
which 1s associated with the average velocity, since they
have the same distribution. Also if the distribution
f(v(E)) 1s symmetric about E ., then E_will correspond to
“the average energy. In the present experiment, o is of the
order of the range in E for which f(v(E)) is non-zero, not
large enough to say the gaussian is almost constant corre-
‘sponding to poor resolution and not small enough that the
gaussian could be épproximated by a delta function.

. In order to get an idea as to how much Em can be
expected to differ from E, an extreme, but analytic, f(v(E))

was used to in the expression for‘Em, namely

&% 1(v(E)) = = ()’ 0<EsE, |
a a (A_u)

= O otherwise.
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Here Ea 1s the maximum energy corresponding to full Doppler
shift. This distribution 1s vefy non-symmetric about the
average energy corresponding to about the worst case that
will be encountered experimentally. 1In order to perform the
integration in closed form the gaussian resolution function
was approximated by the first two terms in 1its expansion,
assuming, for simplicity, o = E,

3 .

fe, - e 1. SmIE (s

3
Ea

This function is sharper than the gaussian and so represents
a worse case than exlsts in the experiment.

Substituting these functions in equation (A-3) and
performing the integration it is found that E_ is within
1% of the average energy. Since this 1s the worst case it

can be agssumed that the maximum in the peak will be
E = E(1 = 0.01) . (A-6)

This is well within the accuracy at which the peak can be
measured. So that the assoclation of the y-ray peak with

the average velocity 1s Jjustified.
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