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ABSTRACT 

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

states in and the 2.31-MeV state in were measured 

and limits were placed on the mean lives of the 5.10- and 
ill 

3.95-MeV states in N by the Doppler-shift attenuation 

method. The reactions %e,a)10B and *2C(%e,p)*Sl were 

used and the direction of the recoiling nucleus was selected 

by a coincidence technique. The results for the states 

indicated in brackets are: 10B[1.74] (1.90 ± 0.30) x 10~13 

sec, 10B[2.151 5̂ i * sec, 10B[3.58] (1.75 ± 0.70)  x 

lCfls sec, 1̂ N[2.31] (8.3 ± 3-0) x 10~14 sec, 1\rC3.95] 

< 2.5 x icfi4 sec and ̂ N[5-10] > 2 x 10~18 sec. The results 

of the measurement on 10B are compared with predictions made 

from the independent particle model with Intermediate 

coupling. The coupling parameter was found to have the 

values 1.5 < a/K < 3.0. The results of the measurements on 

14 N are compared 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 is compared to predicted intensities of the three 

multipole radiations proposed to be present and no incon

sistency with this proposal was found. 

ix 
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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 10B was measured by an angular correlation technique. 

The reaction "̂ B(%e,a)̂ °B was used and the angular distribu- . 

tion of the y ray was measured in coincidence with a particles 
emitted in the beam direction. The mixing ratio was found 

to be |x| £ 0.07. 

The angular distribution of a particles leading to' 

the four lowest states in from the reaction ̂ B(3He,a)*°B 

were measured for %e 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 O 
the case of (-116,0) reactions. The comparison indicates the 

presence of direct interaction mechanism for the excitation 

of the three lowest states in *°B. The a particles associ

ated with the formation of the 2.15-MeV state in *°B were 

symmetric about 90° in the center of mass system. The 

excitation functions for the formation of the five lowest 

states in 10B by the ̂ B( ̂He,o)̂ °B reaction were measured 

for %e energies from 1.0 MeV to 2.15 MeV. 



I. INTRODUCTION 

The experiments described here were performed in 

order to study properties of light nuclei which can be 

predicted by some model or mechanism. In particular, mean 

lives of excited states of nuclei are quantities 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 the states. A quantum mechanical 

treatment of the electromagnetic interaction yields selec

tion rules involving the quantum numbers of the states 

between which electromagnetic transitions occur. Applying 

these selection rules and using the predicted wave functions 

the rate at which one state decays to others by gamma ray 

emission can be computed. Thus, a measurement of the mean 

life of a state, which is inversely proportional to its 

decay rate, provides a check on the applicability of the 

model assumed. 

The mean lives of three excited states of and 
ill-

three excited states of N were measured by the Doppler-

shift attenuation method and compared to shell model 

predictions. The measured value of the mean life of the 

second excited state of *°B indicated that it is 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. In 

order to further study the collective properties of this 

state, the ratio of electric quadrupole radiation to mag

netic dlpole radiation (both of which are allowed by selec

tion rules in the transition to the first excited state) was 

measured. The electric quadrupole radiation if present must 

be greater than predicted by single particle states in order 

to compete with the magnetic dipole radiations. Any such 

enhancement must be due to the collective properties of the 

initial state. Thus, a determination of the ratio of E2 to 

Ml multipole radiations provides a measure of the collective 

properties of the state. 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 states studied in these experiments were 

all produced by either the reaction ̂ "B(%e,ci)"*"®B or 

In order to more efficiently use the Doppler-

shift method of measuring mean lives, it was necessary to 

know the angular distribution of the low-mass particles 

emitted in the above reactions. A complete study of tlie 

angular distribution of alpha particles from the formation 
10 

of the ground and first three excited states of B was made. 

The results Indicated the presence of a direct reaction 



mechanism. The Butler plane-wave theory was extended to 

this case and attempts were made to fit the measured 

distributions. 



II. THEORETICAL BASIS FOR EXPERIMENTAL PROCEDURE 

A. Poppler-Shift Attenuation Method 

The mean lives of excited nuclear states are usually 
••6 8 

less than 10 seconds and greater than 10 seconds. There 

are many techniques for measuring mean lives in this range 

and these can be classified into two categories according to 

the quantity actually measured. Mean lives greater than 

about 2 x 10"1* sec can be measured directly. That is, 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 width of the state since this width 

is inversely proportional to the mean life of the state. 

The Doppler-shift technique falls in the first category since 

it measures mean lives directly by relating the attenuation 

of the Doppler shift with the slowing-down time associated 

with the material used. The range of applicability of this . 

method depends somewhat on the particular experimental con

ditions, but is about 2 x 10~18 to 2 x 10"14 sec. This is 

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. 

4 
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The Doppler-shift technique has been used in various 
T—"3 

forms by other workers. J 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 recoil with a velocity dependent on the inci

dent energy of the incoming particle, x, the Q-value of the 

reaction and the recoil 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 

manner which 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 

• • i 
E - E0tl + £ cos el, (1) 

where E is the observed energy in the laboratory reference 

frame, E0 is the energy of the y ray in the rest frame of 

the nucleus, v/c is the ratio of the speed of the recoiling 

nucleus to the speed of light, and 9 is the angle between 

the direction of observation and the direction of motion of 

the nucleus. Since v/c « 10~8, the change in energy due to 

the Doppler effect is a few percent of E0. Thus very good 

energy resolution is required in order to measure this 

change directly. However, if the gamma radiation is 



6. 

observed at two different angles, one observes a shift in 

energy given by 

AE = Ex - Ea =»  ̂(cos 0X - cos 03), (2) c 

where indices 1 and 2 refer to the two positions of observa

tion. If these positions are chosen to be along the direc

tion of recoil (9i = 0°) and at 180° to that direction 

(08 = l8o°), the maximum shift is observed. In this manner, 

the ratio v/c can be determined without having to know the 

energy calibration precisely. 

In the experiments performed here the Q.-values of 

the reactions were much greater than the energy of the 

incident particle. When this is the case the velocity of 

the recoiling nucleus, B, will be almost as large when mov

ing in the backward direction relative to the incident 

particle as when moving in the forward direction. That is, 

as Q. becomes much greater than the energy of the incident 

particle the velocity distribution becomes isotropic about 

the target. Thus, if the gamma radiation from decaying 

nuclei recoiling in all directions is observed, the energies 

of these y rays will be symmetrically broadened about the 

zero velocity 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 in a given 

direction. By fixing the recoil direction of the particle, 
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y, the direction of motion and initial speed of recoiling 

particle, B, are uniquely determined. 

The velocity 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 velocity (see Appendix A) defined by the 

equation 

where T is the mean life of the state. In order to determine 

the mean life from the measured value of the average velocity 

the integration indicated in equation (3) must be performed. 

In general, the function v(t) can not be accurately 

expressed in an analytic form. It is necessary to make use 

dE of some empirical values of the stopping power, ̂~r, for the 

material in which the nucleus slows down. The relationship 

dE between velocity and ̂  is given by 

In the actual experiment many y rays were observed. 

(3) 

W  
where m is the mass of the moving ion. In the velocity 

region in which these experiments were performed, i.e., 
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v/c  ̂2,5 x l(Ta, approximations 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 ions moving in copper. If the stopping 

power in the region from v » 0 to v = v' is approximated by 

assuming dE/dx « v and if in the region from v = v' to 

v = v0, where v0 is the initial velocity of the moving ion, 

the stopping power is approximated by assuming dE/dx = 

constant, then a reasonable and simple analytic dependence 

of dE/dx on v is obtained (solid line). It should be noted 

that the reasonableness of this approximation results in 

part from the fact that the data for dE/dx are uncertain 
, mv0 

by 10fo. Therefore, if it is assumed that dE/dx = —j- , 

where this form of the constant was chosen for convenience, 

then 

dE m dv mv° 
ax = "m ae = — -

where m is the mass of the moving ion and v0 is its initial 

speed. Apparently a, 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 =* v0[l - t/a], (v* < v £ v0). (6) 

Here v* is the lowest speed for which the approximation 

applies. At lower speeds the stopping power approaches a 



Fig. 1. Stopping Power versus Velocity. The shaded area 

corresponds to values that are consistant with experimental 

data as compiled by NorthcliffThe solid line is the 

analytic fit used In the analysis. 
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linear dependence on velocity. In this region the stopping 

power is assumed to have the form 

dE „ dv m „ 
37 = = p v' (7) 

where again the form of the proportionality constant, m/P, 

is chosen for convenience. Here 0 has the units of time and 

is determined from the stopping power data. Integrating' 

equation (7) yields another expression for speed as a func

tion of time 

v = Vi (o s v £ v1) (8) 

which is assumed to approximate the true situation for 

speeds less than v* defined above. Here vr is a constant of 

integration which is chosen so that the speed, v*, will 

occur for the same time, tx, in both expressions, thus 

insuring continuity of v(t) between the two expressions. 

The value of vx which satifies this condition is 

Vl =« v1 etl^ = v' exp (l - —)] , (9) 

where tx is expressed in terms of v* through equation (6). 

The method used to determine a, ft and v' will be described 

in the section on experimental procedure. 

An expression for the average velocity defined by 

equation (3) is obtained by first substituting tljp expression 
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for v(t) for the high speed region (equation (6)) and 

performing the indicated integration from v0 to v1. Then 

the expression for v(t) for the low speed region (equation 

(8)) is substituted into equation (3) and the integration 

performed from v1 to 0. 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 

stopping power parameters 

7 = v„{Tj - £ (Tr̂ -)] exp [-«(!-£)]+ 1 - I}. (10) 

Therefore, the attenuated Doppler-shift method consists in 

obtaining the average velocity from the measured Doppler 

shift and relating that velocity to the mean life through 

equation (10). 

The method of analysis described above differs from 
TO 

methods used by others 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 velocities greater than about 

5 x 10® cm/sec, the analysis was made by numerical methods 
O 

on computers. In principle, the numerical methods are more 

accurate. However, in practice the knowledge of stopping 

power is so uncertain that little is lost by making these 

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

dominated by electronic interactions a3 it is 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 of the recoil

ing particle. Atomic scattering will have the effect of 

making the average velocity of the ions entering this 

region drop rapidly to zero, or equivalently the stopping 

2 power becomes infinite. Litherland et al. have shown that 

if the worst practical case is assumed, that is, if dE/dx 

becomes infinite for v < 10® cm/sec, then the error incurred 

by assuming dE/dx « v down to v = 0 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 is described for measuring 

the mixing ratio in the -y-ray decay of one state to'another. 

That is, if in the decay of one state to another two multi-

polarities are allowed by the selection miles, the mixing 

ratio is defined as the ratio of matrix elements of the two 

different nrultipole radiations in the transition. There are 

several ways in which mixing ratios can be determined from 

angular correlation experiments, and only the details of the 
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method employed here will be described. A general treatment 
n 

of the problem is given by Litherland and Ferguson who 

developed the technique. A measurement similar to the one 

described here was made by Warburton et al.̂  who particu

larized the formalism to the situation which appears in the 

present measurements. 

The technique is to measure the angular distribu- • 

tions of two separate y-ray transitions from the same state 

and compare the results. If one of the transitions is 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 momentum and parity is formed by some process, the 

direction of its ancular momentum is restricted by the 

conservation of angular momentum. Such a state bears no 

other evidence of its mode of formation. Furthermore, it 

has been shown̂  that if the restrictions on the direction of 

the angular momentum of the excited state are such that an 

axis of symmetry 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 distribu

tion of decay products relative to the axis of symmetry can 

be expanded in a series of even Legendre polynomials as 

follows 



 ̂?2n ̂ °OS Ĝ ' 
n«o 

I K  
(11) 

The coefficients Agn will depend on the particular circum

stances of the case in question. 

In the present case 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 10B was measured. A level 

diagram for this nucleus along with the known spin, parity 

and isotopic spin assignments is shown in Figure 2. The 

possible decays of the excited states are indicated by the 

arrows which are labeled with the branching ratios and 

possible multipolarities. The 2.15-MeV state of *°B was 

formed from the reaction ̂ Bf̂ He,**)1̂ *. if the a particle 

from the reaction is observed along the beam axis the restric-

10 
tlons on angular momentum of the excited states of B 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 

0 is the angle between the incident beam and the outgoing 

Y ray. The reason the beam direction is not sufficient to 

define an axis of symmetry is that no assumptions can be 

made about the deflnlteness of the spin and parity of the 

X1B + ̂ He system. However, any uncertainty about the symme

try properties of the beam direction is removed if the a 
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particle Is emitted along this axis since the excited state 

of 10B has definite spin and parity. 

The values of Agn in equation (11) for a given 

transition depend on the initial and final state spins and 

parities, the population of the magnetic substates in the 

initial state and the raultipole mixing, if any is possible. 

A general expression for the distribution is given by h  .  
Litherland and Ferguson in their equation (23). This equa

tion was obtained by averaging over all possible intermediate 

states which lead to the state being studied. The angular 

momentum restrictions on all these intermediate states are 

systematically accounted for by the Racah algebra. Warburton 

et al. have reduced this equation for the case where the 

initial state has spin and parity 1+ and the final states 

have spins and parities 0+ and 1+. Their result for the 

1+ -* 0+ pure Ml transition is 

W(e) a 1 + Fa(l)Pa(cos 0), (12) 

where Fa(l) is a function of the populations of the magnetic 

substates. Their result for the 1+ -• 1+ transition where 

both Ml and E2 multlpole radiations are possible is 

W(e) - [1 - |Fa(l)f(x)Pa(cos 0)], (13) 

where F»(l) is the same as for equation (12). Here f(x) is 

a function of the mixing ratio, x, and is given by 
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f(x) . 1 -6* + *' . (14) 
X® + 1 

where the mixing ratio, x, is formally defined by 

< b|L + lla > 
x • < b|L|a > (15> 

Here a and b indicate the Initial and final states between 

which multipole transitions of order L and L + 1 are 

possible. The fact that both distributions depend on the 

populations of the magnetic substates in the same way through 

P8(l) is a result of the fact that only one such population 

is unknown. The 2.15-MeV state has quantum numbers 1+ and 

thus can have magnetic quantum numbers m̂  = ±1,0; but the 

axial symmetry requires 

the following relation 

axial symmetry requires that the populations, P(mj), satisfy 

P(mj) = P("mj) • (l6) 

Also these populations are subject to the normalization 

condition 

T P(mi) - 1 . (17) 
mj J 

Therefore, there is only one unknown among the three popula

tions . 
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In the present case the distributions of the pure Ml 

transition from the 2.15-MeV state to the 1.74-MeV state was 

used to determine Fa(l). A value for f(x) was then obtained 

from the angular distribution of the 1.43-MeV y rays. The 
mixing ratio was determined from f(x) through equation (14). 



Ill. EXPERIMENTAL PROCEDURE 

A. Angular Distribution 

The angular distributions of alpha particles from . 

the formation of the first four states in produced by 

the reaction Ĥe,a)10B were measured. These measure

ments consisted in directing a beam of %e particles at a 

thin foil of "̂ B and then.observing the number of outgoing 

particles as a function of their direction relative to the 

beam. This was done for three different energies of inci

dent ̂ He 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 observing simultaneously 

the number of outgoing 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 colllmating 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 in diameter and located at the center of 

19 
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the target chamber. The method used to prepare thin self-

supporting boron foils will be discussed separately below. 

The outgoing 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 bias 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 built up by bombardment. In 

particular protons from the reaction ̂ B(̂ He,p)̂ C forming 

the four lowest states in contributed most of the pulses. 

The remaining pulses were produced by deuterons from the 

reaction "̂ B(̂ He,d)̂ 2C to the ground state in ̂ C. These 

pulses were counted by a scaler and the sum was used to 

normalize the a-particle yields at each angle. 

The rotating detector was also a silicon surface 

barrier detector and had a sensitive area of 25 mma. 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 prevent elastically scattered %e particles from 

entering the detector since they are sufficiently numerous 

to exceed the time resolution of the electronic equipment. 

The pulses from the detector were amplified and stored in a 

multichannel analyzer. Spectra were taken at 5° intervals 

from about 7° to about 170° . 

The a-particle yield was determined from the spectra 

by adding the number of pulses corresponding to the a-

particle groups concerned. The spectrum which was observed 

at 90° to the beam for an incident %e energy of 2.15-MeV is 

shown in Figure 3- The peaks corresponding to the a-particle 

groups are labeled by the state formed in the (̂ He,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 a 

particles from the breakup of formed by the reaction 

11B( ̂ê )1̂  into (3a + p). Corrections for the background 

were made by estimating the continuum (dashed line in 

Figure 3) and subtracting the contribution of the continuum 

from the total counts in the peak. 

B. The Preparation of Self-Supporting Boron Foils 

Thin foils of ̂ B were prepared by evaporation 

techniques from boron powder enriched to 98# **B. The powder 



Fig. 3. Pulse-Height Spectrum of a Particles at 90° to the 

Beam. The peaks are labeled by the state in formed in 

the ̂ (̂̂ HejCt)1̂  reaction. The oxygen peak is the result 

of target contamination. The dashed line indicates the 

estimated background due to the. (3° + p) breakup of 
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was placed in a tantalum boat mounted In a vacuum chamber. 

Glass slides were cleaned and then coated with detergent. 

The soap film was polished until 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"9milli

meters of mercury. Current was passed through the boat, 

gradually heating it to the melting point of boron. A shield 

was placed over the boat while it was being heated in order 

to keep impurities, which boil off at lower temperatures, 

from contaminating the slides. When the boron was hot enough 

it wets the boat. The shield was then removed and the 

slides became coated with the evaporated boron. Usually the 

slides were exposed for only a few seconds in order to reduce 

their 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 foil 

is too thin it will not support itself and if it is too 

thick severe crystallization causes it to break up into very 

small unusable pieces. 

Once a film of the proper thickness was evaporated 

7 onto the slide, a procedure first outlined by Deamely1 was 

used to remove t.lic foil from the slide. First the film was 

divided into sections of the size required for the experiment 
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by simply scratching it with a sharp instrument. Then the 

slide was slowly and smoothly immersed in a solution of 

distilled water and several drops of wetting agent which 

decreased the surface tension. It was found that an angle 

of about 30° between the slide and the surface of the water 

worked best. As the soap came in contact with the water it 

dissolves so that the film floated off onto 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 it to the surface directly under 

the foil. As the frame emerges from the bath the foil will 

adhere to it. Until the foil drys it is very weak and the 

slightest air.current or jar will spoil it. After it drys 

it 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 if the foils were picked 

up so that they overlapped both sides of the hole. The 

thickness of the foils was roughly determined, by weighing, 

to be about 20 ug/cma. The inaccuracy of this method of 

determining thickness is principally due to the presences of 

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

The excitation function, that is the cross section 

as a function of Incident energy, was measured for the 

formation of the five lowest states in 10B by the reaction 

"̂ B(̂ HeThese measurements v/ere made by observing, 

at 90° to the beam, the number of a particles from the forma

tion of these states over a range of %e energies. The 

targets were thin self-supporting foils of **B described in 

section III 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 current Integrator. 

The target chamber and a-particle detection system were the 

same as those described In 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 increments of 50 keV. The 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 

The mean lives of three states In 10B were measured 

using the reaction '̂ B(%e,ci)'*-GB and the mean lives of three 

states in were measured using the reaction *2C(%e,p)*̂ N. 
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The targets in all cases were prepared by evaporating a thin 

film onto a thick backing material. 

The choice of backing material depends on the order 

of magnitude of the mean life. If the state is short-lived, 

that :Ls, its mean life is less than 1CTIS 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 velocity. Similarly, if the state is relatively 

long-lived, that is, if the mean life is greater than about 

10~18 sec, a material with a small stopping power is pre

ferred in order that the mean final velocity be measurably 

different from zero. The stopping power referred to here 

and in equation (4) has units of energy per unit length and 

is the product of the density of the material times its 

stopping power in units of energy length-squared per unit 

mass. Table I lists stopping power data in both units as 

well as.the densities for several stopping materials. These 
8 9 

data were obtained for 3-MeV boron ions by Porat et al. 

In the experiments described 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 sufficient for all the 

experiments. 

The outgoing alpha particles or protons were 

detected by a silicon surface barrier detector with a 



TABLE I. 

Stopping Power Data 

Stopping 
Material 

dEa /kev-cma\ 
cGc * |ig ' 

Density*5 
(g/cc) 

dE /kev\ 

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 4.0 1.7 6.9 

Copper 2.3 8.9 20.6 

ĥese data were obtained for boron ions at 3.0 
MeV by Porat et al. (Reference 8,9). 

^These data were obtained from the Handbook of 
Physics and Chemistry (Reference 16). 
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sensitive area of 200 mma placed 1.5 cm from the beam. A 

mil Mylar cover over the detector prevented elastically 

scattered ̂ He nuclei from being counted. For the mean life 

measurement of the 1.7̂ -MeV state in *°B the a-particle 

detector was placed at 90° to the beam. Angular distribution 

measurements indicated a maximum in the number of a particles 

emitted near this angle. The angular distribution of the a 

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 a particles from the formation of the 2.15-MeV 

state to a particles from the formation of the 1.7̂ -MeV 

state was a minimum. This condition is preferred because 

these two groups were not resolved in the a-particle spectrum. 

The reason for this is that the energy of these a particles 

varies with angle so that the use of a large detector 

resulted in sufficient spread in energies of the a particles 

observed for the groups to overlap. When a coincidence 

criterion was applied to the pulses from the a-particle 

detector, it was not possible to completely discriminate 

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 1.7̂ -MeV state. As is indicated 

in Figure 1, the 2.15-MeV state decays to the 1.7̂ -MeV state 

30$ of the time. Therefore, 3<$ of the a particles from the 

formation of the higher energy state will be in coincidence 

with the subsequent decay of the 1.7̂ -MeV state. The mean 
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life of the 2.15-MeV state is long compared to that of the 

1.7̂ -MeV state, although much shorter than the resolving 

time of the coincidence circuit. The nuclei in the 1.7̂ -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 is 

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 population-of the 2.15-MeV state must be 

minimized by discriminating the a particles or by judi

ciously choosing the position of the a-particle detector. 

The criterion used in the selection of the a 

particles for the measurement on the 1.7̂ -MeV state is 

indicated by Cj in Figure 4. This figure shows an a-

particle spectrum observed by the solid state detector. The 

peaks are labeled with the state whose formation is 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 a particles from the forma

tion of lower states in *°B opened the coincidence gate Just 

increased the chance coincidence rate. Also in Figure 4 is 

shown the criterion, Ca, 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 a particles from lower states opened the 
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Pig. 4. Pulse-Height Spectrum of ot Particles for Measure

ments on the 2.15- and 1.7̂ -MeV States in *°B. The reaction 

B̂(̂ He,<x)̂ ®B with £3̂  = 1.8 was used to form these states. 

The detector was covered by \ mil of Mylar. Ci and Ca are 

acceptance criteria for the coincidence pulses used in these 

measurements. 
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coincidence gate seriously increased the chance coincidence 

rate. In order to keep the ratio of chance coincidence to 

total coincidences down to Is 3 it was necessary to limit the 

beam current to about 0.5iaa. The ratio of chance to true 

coincidences was checked by comparing the y-r&y spectrum 
observed under experimental conditions with the spectrum 

observed when a delay was placed in the coincidence leg 

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 this state is low enough in energy that it 

is indistinguishable from the peak resulting from the 

maximum energy lost by protons in the detector uised for the 

measurements on the two lower states. That detector had a 

depletion depth of 500 micron. A thinner detector was used 

with a depletion depth of 60 microns for the measurement on 

the 3.58-MeV state. It was also necessary 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 o-particle groups from the formation of the ground and 



Fig. 5. Pulse-Height Spectrum of a Particles for Measure

ments on the 3.58-MeV State in 10B. The reaction 

nB( \e,a)10B with E3jje =2.0 MeV was used to form this 
state. The detector was covered by i mil of Mylar. The 

region, GATE, indicates the criterion for coincidence pulses 

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

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

and carbon contamination leave a fixed energy as .they pass 

through the counter and the associated peak is 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 

indicated on the figure. The use of the single channel 

analyzer greatly reduced the number of chance coincidences. 

The same procedure used with the 1.7̂ - and 2.15-MeV 

states in 10B was used in the measurements of the mean lives 

of the 2.31- and 3.95-MeV states in In this case the 

reaction ̂ 2C(̂ He,p)*Sl was produced with 2.0-MeV ̂ He 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 mma and a depletion 

depth of 500 microns. It was located at 110° to the beam 

and its surface was 1.5 cm from the center of the target. 

The peaks in the spectrum observed were broadened because of 

the large angle 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, where the proton groups are labeled according to 

the state with whose formation they are associated. A lower 



Pig. 6. Pulse-Height Spectrum of Protons for Measurements 

on States In These protons result from the reaction 

12C(%e,p)lllN with = 2.0 MeV. The detector was covered 

with 6 mg/cm2 of aluminum. Cx and C3 are acceptance criteria 

for the coincidence pulses in the measurements of the 2.31-

MeV state and the 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 is 

shown in the figure as Cj and the criterion used in the 

measurements on the 3.95-MeV state is shown as C8. In both 

cases no cascading effects were present and the number of 

chance coincidences caused by the inclusion of the proton 

groups associated with the formation of lower 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 

Ĥe ions, so that the coincidence technique could not be 

employed. However, the Q-value for the reaction producing 

this state is slightly negative. This means that the veloc

ity of the recoiling 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 is 

still possible to measure a shift, even for the smallest 

recoil velocity, if the average final velocity is not much 

less them the initial velocity. However, the range of mean 

lives that can be measured in this way Is greatly reduced. 

In all the experiments performed the y rays were 

detected by a 3" x 3" Nal(T̂ ) crystal and photomultiplier. 

The front face of the crystal was placed 4" from the center 

of the target and its axis was in the plane defined by the 
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beam axis and the particle counter. A diagram of the experi

mental arrangement is shown in Figure 7. Two positions of 

the y-ray detector are shown; in one position 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° to this direction are detected 

(clashed lines). The diagram is schematic since the actual 

values of the angle between the recoil direction and the 

beam depend on the energy of the incident Ĥe ion, the 

Q-value of the reaction and the location of the particle 

detector. In the actual experiment it was not always 

convenient to observe the y rays at 0° and l8o° to the 

recoil direction. Also the finite Bize it the Nal crystal 

implies that the angle of observation is not clearly defined 

but rather some average must be taken. Both of these effects 

can be accounted for in one equation 

cos 0X - cos 0S -• A cos 0 

Here 0X and 0a are the average directions of observation 

referred to in the expression for the Doppler shift, equa

tion (2). The angles P.[ and are the values of the angle 

0 evaluated at the two edges of the front face of the Nal 

crystal when the axis of the crystal is at 0 = 0̂ . This 

sin Px - sin Px' sin Pa - sin Pa 
(18) 

Pi " Pi n -



Pig. 7. The Experimental Arrangement. The angle, e, 

defines the direction of the recoiling 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 COB 0 over the front face 

of the crystal at the 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 usee. 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 III A. Also the contributions from chance coincidences 

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 coincident peak was subtracted at the 

point of zero energy shift. In all cases where this correc

tion was thought to be necessary it 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 the average location of the peaks observed 

in the forward direction and of the peaks observed in the 

backward direction. 

Since stopping-power data for either boron or 

nitrogen ions moving in copper and magnesium are not avail

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

11 Northcliffe. The stopping powerB in this compilation have 

an estimated uncertainty of approximately 10$. The conver

sions were made using the theoretical formula developed by 

12 Lindhard and Scharff for the electronic stopping power per 

atom which is 

de p 8nea ziza v /,nv 
e a» v° ' 

where 5e is not a rapidly varying function of the properties 

of the stopping material. Zx and Za are the charges of the 

moving ion and the stopping material. The constant, a<,, is 

the Bohr radius of the electron and e is its charge. v/v0 

is the ratio of the velocity of the moving ion to eaA. The 

formula agrees to within 15% of experimental valueŝ  of the 

stopping power for the region 0.35 x 10~a < v/c < 1.5 x lO""3, 

where c is the velocity of light in a vacuum. However, when 

converting from one stopping material to another the depend

ence on velocity cancels; so it was assumed that this 

formula is a good approximation up to v/c a 2.7 x 10" , 

corresponding to the highest initial velocity occurring in 

these experiments. The conversion was made by means of a 

multiplication factor as shown below 

dE 
Hx 

a/3 , 

- + Z?/3)V' §1 (") 
a a L\> Za/3 + rQ/3 lb 
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where and Ẑ  are the atomic mass number and charge of the 

i stopping material and Za is the charge of the moving ion. 

The corrections applied to the data for nickel and aluminum 

to obtain 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 a, (3 and v' defined in section II A. 

The values of a, 3 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. This restriction implies that a 

choice of value for two of the three quantities a, p and v' 

fixes the value of the third. The procedure for determining 

the constants was to choose first a value of (3 which best 

approximated the stopping power for low speeds by a straight 

line passing through the origin as indlciated in Figure 1. 

Then a value of a was chosen such that the time required to 

reach the velocity, v1, 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 (b) to obtain a general expression 

for time, t, at velocity, v, 
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t " L m^'X dv* *21) 
*0 

The Integration can be performed graphically by plotting the 

integrand versus velocity and determining the area under 

that curve between the end points v and v0. 

In the determination of the 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 is made by 

determining the difference in time spent in the target and 

the time spent in an equivalent amount of backing material' 

and adding this difference to the mean life determined from 

equation (10). The procedure is illustrated In Figure 8 

where the integrand in equation (21) is plotted versus 

velocity. The lower curve corresponds to the backing 

material and the upp'er curve corresponds to the target 

material. The correction for the difference in stopping 

power Is indicated by the shaded area which is defined by 

the two stopping powers and the velocities at which the ion 

enters and leaves the target material. The correction is 

about 0.3 x 10~14 sec for the cases described here and was 

applied only when the mean life was short enough for the 

correction to be significant. 

The errors in the measurement of the mean live3 

arose from two independent sources, the uncertainty in the 



Fig. 8. M(dE/dx)~l vs. Velocity. v0 is the initial velocity 
111 

of the excited N nucleus, v' is the velocity at which the 
lit 
N leaves the target and enters the backing. The shaded 

area is proportional to the time added to correct for 

target thickness. 
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stopping power. Each shift was calculated from about five 

measurements in each direction 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-l) where n 

is the number of measurements. Having thus compiled the 

error in the shift, the error in the determination of the 

average velocity is simply obtained from the rules of error 

13 propagation. J The error in the mean life is determined 

from the error in the average velocity by finding 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 transmitted to the mean life through the 

parameters <*, p and v'. In equations (5) and (7), where a 

and P are defined, it is seen that a 10$ error in stopping 

power results in a 10$ error in these two quantities. If in 

the expression for the average velocity (equation (3)) the 

integration is performed assuming the stopping power is 

constant for all velocities or assuming it is proportional 

to velocity for all velocities, the two results indicate 

that a 10$ error in either a or P leads to a 10$ error in 

the mean life. The experimental cases include both assump

tions about stopping power. However, since the error is 

propagated to the same extent in both approximations, the 

percent error in the mean life due to uncertainties in the 



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 

where AT— 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 Ml 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 state. The pure multipole radiation used was 

that emitted in the 0.4l-MeV transition from the 2.15-MeV 

state to the 1.74-MeV state. These two y rays were observed 

In coincidence with the <* particles observed along the beam 

direction from the formation of the 2.15-MeV state. The 

reaction used for this experiment was 11B(̂ He,o)̂ °B. A beam 

of ̂ He ions at an energy of 2.0 MeV was used. The energy of 

the %e ions affects the experiment only in the number of 

2.15-MeV states formed. As is seen from the excitation 

(22) 
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functions, the higher the energy the greater the populations 

of this state. 

The target was prepared by evaporating a relatively 

thick (about 150 ug/cm8) film of enriched onto a piece 

of aluminum foil which was 6 mg/cma thick. This thickness 

was chosen so that the 2.0-MeV Ĥe ions are completely 

stopped in the aluminum yet the ct particles from the forma

tion of the 2.15-MeV state pass through the foil. The 

reason for 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 silicon surface barrier detector was used to 

detect the a particles. Its sensitive area was 25 mma and 

it was placed 3.0 cm from the target along the beam axis. 

The dctector pulses were amplified and discriminated with a 

single channel analyzer. The pulse height spectrum observed 

in this detector is shown in Figure 9. The peaks are 

labeled with the states whose formation is associated with 

the a particles producing the peak. The single channel 

analyzer opened the coincidence gate only when pulses with 

heights lying in the region 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 1.7̂ -

MeV state. However, the angular distribution shows that the 

yield of the latter is a minimum at 0° while that of the 



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

Beam. The reaction Ĥe,a)*°B was used with = 2.0 
-'He 

MeV. The region, GATE, indicates 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 coincidence 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 current monitor with which to normalize the y-ray 

angular distribution. 

The y rays were detected in the Nal(TJJ) crystal used 
in the other experiments, the front face of which was 

located 4" from the center of the target. The unnorraalized 

angular distribution of y rays from the 2.15-MeV state for 

which Jn = 1+ is known̂  to have the form 

W(e) . 1̂ 1 + A2(J1,Jf)P3(cos e)] , (23) 

where 1̂  is a constant depending on the exposure time and 

the bean current. The coefficient, Aa(JiJf), is the number 

that is needed to determine the mixing ratio and depends on 

the angular momenta of the initial and final states as well 

as the mixing ratio. For the present experiment the 

coefficient, Aa(10), is associated with the distribution of 

the 0.4l-MeV y ray and Aa(ll) is associated with the 1.43-

MeV y ray. There are only two unknowns in equation (23)* Iy 

and Aafĵ ĵ ,); 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(l25°) were measured, as can be seen 

from equation (23), the following equation gives Aa 

*. • w(oite"r} • (24) 

It should be noted that 55° and 125° are symmetric about 90°; 

therefore, the y-ray yields are equal at 55° and 125°. Simi

larly, if W(90°) and W(55°) or W(125°) are measured then Aa 

is given by 

Aa= -g [w(90l(sŝ O)] • (25) 

Combining equations (12), (13) and (23) yields the result 

for f(x) 

83 "2 [mio] ] * 

The mixing ratio, x, is then determined from f(x) with the 

aid of equation (14). 
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The sources of error in 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(0)]~:/. 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(e) several times and defining the error as the 

square root of the sum of squared deviations from the mean 

divided by n(n-l), where n is the number of runs. The rules 
1*3 for the propagation of errors J were then strictly followed 

to obtain the error in the measurement of the mixing ratio. 

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. This possibility was 

checked by placing a radioactive 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 1.33-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. RESUI/PS 

A. Angular Distribution 

The angular distributions of the a-particle yield 

about the beam direction from the reaction X1B(̂ He,a)10B 

were measured in the manner described in section III A. The 

groups resulting from the formation of the four lowest states 

in 10B were observed for three Ĥe energies, 1.0, 1.8 and 

2.15 MeV. Two independent measurements of these angular 

distributions wore made. Each point was obtained for a 

fixed nuriber of monitor counts chosen so that the number of 

counts under the peaks to be measured was about 1000. In 

this manner, the statistical errors were kept somewhat 

uniform at 3 percent. Each point was taken in about ten 

minutes with a beam current of about 2.0 ua. A typical 

spectrum obtained is shown in Figure 3. The a-particle 

detector was placed at 90° in this case. The peaks are 

labeled by the state with whose formation the peak is asso

ciated. The peaks from reactions with *̂ 0 and 10B are the 

result of contamination of the target by these isotopes. 

The angular distribution measured at %e energies 

of 1.0, 1.8, 2.15 MeV are displayed in Figures 10, 11 and 

12, respectively. The distribution of a particles produced 

in the formation of the four lowest excited states of "L0B 

50 



Fig. 10. Angular Distributions for E3jje =1.0 MeV. a 

particles leading to the four lowest states in ̂ °B were 

formed by the reaction Ĥe,a)10B. The ̂ He nuclei had 

an energy of 1.0 MeV. The curves are labeled with the state 

to which the a particles lead. The relative uncertainty 

is 10$. The absolute uncertainty is about a factor of two. 
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Pig. 11. Angular Distributions for Ê e =1.8 MeV. cx 

particles leading to the four lowest states in were 

formed by the reaction %e,a)10B. The ̂ He nuclei had 

an energy of 1.8 MeV. The curves are labeled with the state 

to which the a particles lead. The relative uncertainty 

is 3%. The absolute uncertainty is about a factor of two. 
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Fig. 12. Angular Distributions for Eq =2.15 MeV. <* 

10 particles leading to the four lowest states in B were 

formed by the reaction 11B(̂ He,a)10D. The ̂ He 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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ĈMS 



5h 

are plotted in the figures and labeled according to the 

appropriate state formed. The ordinate is the differential 

cross section in rabn per sterad. The absolute value of the 

differential cross section was obtained from the thickness 

of the foil determined by weighing and the measured beam 

current. 

The relative statistical error is 3Other errors 

occur in the backward directions because the four body break

up of described in section III A, contributes a large 

background at lower energies. Another source of error is 

the fact that peaks from a particles produced in other 

reactions, (e.g. "̂ 0 lie close to, or beneath, 

the peaks of interest. Both these effects were corrected 

for by estimating the background 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 is 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 presence of an unknown amount of tantalum 

evaporated with the boron. Since tantalum is a heavy element, 

a relatively small number of atoms can cause a large error 

in the determination, by weighing, 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 was 

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 their maximum effect 

by comparing these data to that obtained at higher energies 
1 k 

for this reaction and by comparing the results of various 

methods (including weighing) for determining the thickness 

of 10B foils prepared by evaporation from tantalum.̂  The 

maximum effect was used to set the error. 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 ̂ °B 

by the reaction ̂ B̂(̂ He,ot )10B are shown in Figure 13. The 

ordinate Is the differential cross section in mbn/sterad 

obtained at 90° to the beam. The abscissa is the energy of 

the incident ̂ He nuclei in MeV. Each excitation function is 

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 

cross section 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 varies with energy 



Fig. 13. Excitation Functions. Excitation functions for the 

formation of the five lowest states in 10B through the 

reaction 1̂ B(̂ He,cx)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 is derived from barrier 

penetration theory. 
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since it depends on the yield which was low at low energies. 

This error was computed statistically and is about 20$ at 

Eo =1.0 MeV and about 4# at Eo = 2.15 MeV. 
•̂ He -Tie 

The shape of the excitation function is indicative 

of the fact that the %e 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 Weisskopf The table of Charged Parti-

17 cle Penetrabilities by Schiffer ' was used in the calculation. 

The orbital angular momentum quantum number in the incident 

ohannel was assumed to be zero in all but the case of the 

formation of the 1.74-MeV state. In this case this quantum 

number was taken to be one in order to conserve angular 

momentum. That this is required is the result of assuming 

that an ŝ  neutron is picked up in this case. This matter 
2 

is discussed in more detail in section V A. The calculations 

appear to be in reasonable agreement with the experimental 

points. 

10 
C. Mean Lives of the Excited State of B 

1. 1.74-MoV ftate 

The mean life of the 1.74-MeV state in *°B was 

determined from the Doppler shift of the 1.02-MeV v ray from 

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



58 

An example of the coincidence spectra obtained with the 

discriminator set at criterion Cx (see Figure 4) is shown in 

Figure 14. The 0.511-MeV peak in the spectrum results from 

chance coincidences of annihilation radiation from the 

positron decay of produced by )13n reactions. 
The 0.4l-MeV y rays came from the 2.15 "* 1.7̂ -MeV transition 

in 10B and from neutron-induced reactions in the Nal(T/) 

crystal. The other y rays are from the other transitions 

in *°B 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 1.7̂ -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 1.7̂ -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-MeV 

state to the 0.72-MeV state. This ratio combined with 

differences in counting efficiency and the known branching 
18 

ratios of the 2.15-MeV state showed that less than one-

seventh of the 1.02-MeV peak resulted from cascades from 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 0.4l-MeV peak was not used to estimate 

the magnitude of this correction is that much of that peak 



Fig. 14. Pulse-Height y-Ray Spectrum for Measurements on the 

1.74-MeV State in *°B. These y rays are in coincidence with 

a particles satisfying the criterion Cj of Fig. 3. This is 

typical of the spectra used to determine the mean life of 

the 1.74-MeV 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 Nal(T̂ ) crystal. The excitation of states 

around 0.4 MeV in the NaI(T-0 crystal was the result of 

inelastic scattering of neutrons produced in the reactions 

1:LB( hie ,n)*̂ N. A separate measurement using a Pu-Be neutron 

source was made to determine the intensity of the y rays 

24i from this process. Alpha particles from an Am source 

were used to provide random pulses to the coincidence gate 

at a known rate and the chance-coincident 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 

inelastically scattered in the detector crystal were suffi

cient to account for about 50$ of the 0.4l-MeV peak in 

Figure 14. 

After subtracting the background and making the 

correction for the unshifted 1.02-MeV y ray3 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 is 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 108 cm/sec. 

The mean life of the 1.74-MeV Btate was determined through 

equation (10) to be (1.90 ± O.30) x 10~13 sec. The error 

was computed in the manner described in section III D. The 
1 
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two sources of error contributed approximately equally to 

the total error. 

2. 2.1<>MeV State 

The mean life of the 2.15-MeV state was determined 

from the Doppler shift of two of its three possibly decay 

modes; the 0.4l-MeV y 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 coincidence 

spectra obtained with the a-particle discriminator set at 

Ca (see Figure 4) is shown in Figure 15. For this spectrum 

the discriminator was set to pass all pulses produced by a 

particles to the 2.15-MeV state. As a result, the number 

of 0.4l-MeV Y rays in true coincidence vfith a particles was 

much larger than the number of 0.4l-MeV y rays from chance 

coincidences. This is in contrast to the situation depicted ' 

in Figure 14. The 0.4l-MeV y-ray peak had good statistics 

and the proximity of the 0.511-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, 

in this case it was small and difficult to measure accurately. 

Four independent hour-lone runs in each direction were made 

giving a Doppler shift of O.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 ±2.4) x 10? cm/sec. 



Pig. 15- Pulse-Height y-Ray Spectrum for Measurements on 

the 2.15-MeV State in 10B. These y rays are in coincidence 

with a particles satisfying the criterion Ca of Pig. 3-

This is typical of the spectra used to determine the mean 

life of the 2.15-MeV state in The multichannel-

ana.lyzer 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 peak was 

three times that of the 0.4l-MeV y-ray peak, the 1.43-MeV 

peak had poor statistical accuracy. The shift was measured 
J 

from the same four runs described above and was 1.6 ± 0.8 

channels in 300 channels, which gives a mean final velocity 

of (9.0 ± 4.5) x 107 cm/sec. Part of the inaccuracy of this 

shift measurement was due to the lack of a close reference 

peak. The peaks from the 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 107 cm/sec. This velocity 
+2 .1 a 

together with the stopping-power data gave 5 ̂  x 10 sec 

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 is near the upper limit of 

times that can be measured by this method. 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 y ray from the 

transition between the 3.58- and 0.72-MeV states in 10B was 

measured using a copper backing in order to obtain the mean 

life of the 3.58-MeV state. Although this state decays to 

other lower states the above transitions was the only one 

which could be clearly identified in the coincidence spectra. 

An example of the spectra obtained with the coincidence 
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circuit gated on the a particles from the formation of the 

3.58-MeV state (see Figure 5) is shown in Figure 16. The 

peaks have been previously identified. The gain of the y-ray 

detection system was stabilized 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 

consistently located in 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

nations of the shift were made from the data combined in 

this way and the results were consistent 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 %e beam current could 

not be maintained above 0.5 Ma for extended periods and 

because the counting efficiency for y rays with this energy 

is low, the runs made averaged about 3 hours in duration. 

The shift in the 2.89-MeV y ray was 76 ± 20 keV. This 

corresponds to a mean final velocity of (4.50 ± 0.7) x 108 

cm/sec which in turn gives the value (1.75 ± 0.'70) x 10~1S 

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. Pulse-Height v-Hay Spectrum for Measurements on 

the 3.58-MeV State in 10B. These y rays are in coincidence 

with a particles satisfying the GATE criterion of Pig. 4. 

This is typical of the spectra used to determine the mean 

life of the 3.58-MeV state in 10B. 
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D. Mean Lives of Excited State in l!>N 

1.  2.31-MeV State 

The mean life of the 2.31-MeV state in was meas

ured from the shift of the ground state transition. An 
18 

energy level diagram for this nucleus is shown in Figure 

17 where the levels are labeled by their 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 

three excited states in 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 is shown along with the 2.75-MeV 

reference peak. This spectrum was obtained in coincidence 

with protons satisfying the criterion Cx (see Figure 6). The 

reference peak appears by chance coincidence and was produced ph 
by y rays from the decay of a Na radioactive source that 

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 
ill 

the mean final velocity of the N nuclei in this state of 

(2.55 ± 0.24) x 10s cm/sec, which corresponds to a mean life 

of (8.3 ± 3.0) x 10"14 sec for the state. The error is a 
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Fig. 18. Pulse-Height y-Ray Spectrum for Measurements on 

States in "̂ N. These y ray peaks are a) from the 2.31 MeV -? 

g.s. transition in and from a reference source, 

b) from the 3.95 - 2.31 MeV transition in and from a BSa 

reference source and c) from the 5.10 MeV -* g.s. transition 

in 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 this case 

the error in the velocity measurement was more important 

' than the error in stopping power. This result agrees with 

previous values obtained by Swan et al.1̂  ((7.1 ± 1.8) x 

10~14 3ec) and by Booth et al.20 ((9.7 ± 3-0) x 10"14 sec) 

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 (coo 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 
0 

obtained in coincidence with protons satisfying criterion Ca 

(see Figure 6) is shown. Here the 1.64-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 \-vay reference peak. The 

location of the shifted peak was determined relative to this 

24 reference peak. The reference peak was produced by a Na 

radioactive source and occurred in the spectrum by chance 

coincidences with the protons. The Doppler shift was deter

mined to be 31.6 ±2.1 keV from six hour-long runs made in 

each direction. 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 is chosen to be that 

mean life that would correspond to a mean final velocity 

which is less than the 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 r s 2.5 x 10~14 sec. 

3. 5-10-MeV State 

As was mentioned before, the protons from the forma

tion of the 5.10-MeV state were not resolved so that the 

Doppler shift of decay y radiation from this state must 

result from center of mass motion. An example of the non-

coincident spectra used to determine the shift is shown in 

Figure 18(c). The 5.10-MeV y-ray peak produced by the 

ground state transition is shown. This y ray was used for 

the measurements on the 5-10-MeV state. Also appearing in 

the spectrum is the 4̂ 43-MeV reference peak along with the 

peaks from the first and second escape of that y ray. The 

reference y rays were produced by a Pu-Be source. Six 

measurements on the 5.10-MeV y rays in forward and backward 

directions yielded no detectable Doppler shift relative to 

the reference peak. Thus nuclei in the 5.10-MeV state 

are stopped on the average before emitting y ray3. Only a 

lower limit to the mean life can be<-obtained. Since 

coincidences were not used in this measurement, to obtain a 
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limit for the mean life, it was necessary to estimate the 

average initial velocity of the recoiling nuclei in this 

state. Since an accurate determination of such a velocity 

would require detailed knowledge of the differential cross 

section, a conservative estimate of that velocity was made. 

The smallest initial 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-s-MeV state was computed to be T > 2 x lCf18 sec. 

For convenience the results of the mean life measure- ' 

ments are summarized in Table II. In this table the state 

is identified in the first two columns. The next two columns 

list the initial and mean final velocities of the recoiling 

nuclei. The fifth column lists the measured mean lifes and 

the last column lists the total widths which are related to 
••X ® 

the mean lives by the relation r (ev) t (sec) = 6.58 x 10~ .  

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 

10B 3.58 2.36 1.49 ± 0.23 (1.75 ± 0.70) x 10~13 3-75 ± 1.3 

10B 2.15 2.69 0.35 ± 0.08 5+̂  x 10"12 .13 ± 0.035 

10B 1.7̂  2.53 1.5̂  ± 0.11 (1.90 ± 0.30) x 10"13 3.5 ± 0.6 

5.10 0.41 < 0.05 > 2 x 10"la < 0.33 

l2*N 3-95 1.07 1.06 ± 0.07 < 2.5 x 10"14 > 26 

% 2.31 •1.17 0.85 ± 0.15 (8 .3  ± 3.0) x 10~14 7.9 ± 3.0 
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in one experiment and at 0°, 55° and 125° in another. In 

both cases several runs were made for a fixed number of 

monitor counts, that is, for a fixed number of a particles 

from the formation of the 2.15-MeV state proceeding in the 

forward direction. This number corresponded to about 

1.8 x 10"3 coulombs of beam charge. Exampleo of y-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, Aa(lO) and As(ll) 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 

is more accurate is that the dependence of f(x) on A2 at 0° 

is twice as strong as its dependence at 90° as can be seen 

from equations (23) and (25). The statistical average of 

these values is 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 Ml multipole radiation in the 1.43-MeV transition from 

the 2.15-MeV state to the 0.72-MeV state in was deter

mined to be |x| <0.07. That is, within the accuracy of the 

experiment no quadrupole radiation was observed. This 



Pig. 19. Pulse-Height y-Hay Spectrum for Angular Correla

tion Measurements. These y rays are in coincidence with a 

particles satisfying the GATE criterion of Pig. 9- This is 

typical of spectra used to determine the mixing of E2 to Ml 

multipole radiation in the 1.̂ 3-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 OP RESUI/TS 

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

The angular distribution of the a particles from the 

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 decided 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 categories, the plane wave Born approximation 
PT 

(Butler theory) and the distorted wave Born approximation 
pp 

(DWBA). The Butler theory appeared first and had many 

successes. The latter differs from the former, as their 

names imply, in the approximation made about the wave func

tions 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

tions obtained 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 (̂ He,o) reactions. This approxima

tion is probably not as good as the DWBA for the cases 

discussed here but is more convenient to use. The effect of 

using plane waves i3 to greatly reduce the accuracy of the 

absolute magnitude of the differential cross section predic

tions . The reason is that the form of the radial part of 

the wave function will directly effect the magnitude of the 

matrix elements. The distortions of the wave functions sire 

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 are applied. Since non-central components of 

the nuclear forces are relatively small, 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 information is contained 

in the angular part of the wave functions, it is expected 

that the Butler theory will at least predict the shape of 

the angular distribution. Since all the quantum numbers 

which angular distributions usually predict are known in 



this case the only information that will be obtained from 

the analysis is whether or not the reaction is direct. 

A direct reaction is one which proceeds from an 

initial configuration (incident particle and target) to a 

final configuration (product nuclei) directly, without form

ing an intermediate state which lives long enough to erase 

any memory of the initial configuration. This is one brief 

way of defining direct reactions; for more complete treat

ments of the topics discussed here the reader is referred to 

22 a recent survey article and to the references therein. 

There are two distinct direct processes which could take 

place in the (̂ He,a) reaction. In one the %e ion picks up 
"1 

a neutron as it passes close to the surface of the target 

nucleus. This is the process which appears to dominate the 

cases measixred here. In the other process the ̂ He nuclei is 

absorbed into the target and an a particle is immediately 

emitted. In order for this exchange process to occur in a 

direct manner it must be assumed that the a particle existed 

as a separate entity in the target nucleus. This configura

tion has a relatively small probability of being present. 

Backward peaking in the angular distribution is indicative 

of exchange processes. ' This feature was not observed 

in the data presented here. The exchange contribution is 

21 assumed to be small as might have been predicted and i3 

therefore not discussed further. 
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Plane wave pick-up theory will be developed for 

(̂ He ,ct) reaction in essentially the same manner Tobocman2̂  

develops (p,d) pick-up theory. In the first order Born 

approximation, the differential cross section is given in 

terms of the wave numbers associated with the incident and 

outgoing channel by 

^ - % (27) 

where 1 refers to the incident channel and j to the exit 

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

manner 

i _ 

E - [WiSr - 6 • <28> 

where \x is the reduced mass of the two particle system, E is 

the energy of the system and p is the relative linear 

momentum. The amplitude is the matrix element 

Aij = < VJ+ lvJi'vi" > '• 

for the interaction, V̂ . The superscripts - and + signify 

incoming and outgoing particles, respectively. For a plane 

wave approximation, the wave function may be written in the 

form 

= expp+(-)lkp- rpJ cp(t) ep(p) (30) 
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where p refers to the incident (exit) particle and t refers 

to the target (residual) nucleus. 

For (%e,a) pick-up reactions let the subscript, P, 

refer to the incident %e particle, ct, 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 

fp.j~ - e-1̂ P'̂ lP cp(i) tpp cpn cpc , (31) 

and the exit channel wave function is 

<Pj+ = ellca'rCa cp(a) cpn tpQ , (32) 

where is the internal wave function of the particle, y .  

For convenience the roactlon is pictorially represented in 

Figure 20 where part (a) depicts the incident channel and 

part (b) the exit channel. 

The Hamiltonian of the system is 

= TM + TnC + VnC + VP0 + V6n 

Hout " TCd + TnP + vn0 + VnP + V0P 

(33) 

where Tafe is the relative kinetic energy of the (a + b) 

system and Vat) 1B the interaction between a and b. The 

initial state Hamiltonian is 

% • TPI + TnC + vnc <&> 
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Fig. 20. Schematic Diagram of Pick-up Reaction. 



and the final state Hamiltonlan is 

82 

Hj - *ca + V + VnP • <35) 

The interaction terms for the initial state are V^q and Vpn 
and for the final state they are Vpc and VnC. If it is 

assumed that the core does not interact with the incident 

Ĥe particles, the VpQ is zero. It will also be assumed 

that all interactions are central. The matrix element may 

now be written as follows 

Au - <  e  lka'ra° W-a(rne>lven+VnclelkP'rP1 VnVl'̂  ̂

" IKl̂ n e"lka'r°a (̂r̂ ) , 

(36) 

where the fact that < cp Icp > = 1 was used. It is conven-
Y Y 

ient to make a change of variables at this point from r̂ p 

and r̂ a to rnp and rnf, by making use of the following rela

tions which are vectorially represented in Figure 21 

?IP - ?nP - ̂  ?nP (37) 

IU/3 
rCa = "rn0 + 5̂  rnP <38> 

+"H 
where m_ is the mass of the a nucleus. Making these 

c i  

substitutions the matrix element becomes 



c 

I (cm) 

INITIAL STATE 

n 

=  - r  
CN 

< Ca 

a (CM) 

FINAL STATE 

Fig. 21. Coordinate Diagram 
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Alj = !drnP IdrnC e'lH'rnO «J(rnC)[v(rnC) + V(rnp)] 

x eiv*rnP ̂ 0(rnp) (39) 

where k and v are defined as follows 

* - I V 5 ^] (40) 

and 

* - { V 5 v ] -  < 4 i )  

Although k and v were obtained from a straight forward 
change of variables they have special physical significance; 

h is the momentum transferred to the 10B core and v is the 
momentum transferred to the ̂ He nucleus. From the definition 

of these quantities it is seen that their values depend on 

the relative directions of iĉ  and k̂ . It is through these 

momentum transfers that the cross section obtains its angular 

dependences. This fact is apparent In the expression for 

the cross section derived below. The interactions V(rnp) and 

V(rnC) are eliminated by using Schroedingerfs equation which 

can be written in the form 

V(r)<p(r) = §1 (v* -«.*), (42) 

where m Is defined in terms of the binding energy, HE, of 

the system by 
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8 
= MM . (43) 

Making use of equation (42) the integrations in equation (39) 

can be simplified in the following manner 

Jdr e~ik'r V(r)cp(r) = Jdr e"lk*r ̂  (v8 - (u*)qp(r) 

= - [ka + u)"J Jdr e"ik'r cp(r). (44) 

The matrix element can now be written in the form 

. . . f + £Uil Fe-^-nC cp(r -)dr c ij L Mno J J nC' nC 

* Jeiv'r 1>a(i'nP)drnP . (15) 

The wave functions ̂ (^p) an^ ̂ x^nC^ are assume(* repre

sent states of sharp angular momentum so that they may be 

written expressly in terms of the orbital angular momentum, 

i, and its projection, m 

h 
"l<rnO) " "l^nC5 ^ '"no) ' (46) 

and 

â̂ nP̂  ™ r̂nP̂  (nnP̂  

where y^ (^np) are spherical harmonics. At this point it is 

convenient to define a function which occurs often in direct 

reaction theory 
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F̂ (k) * Jd? elk"r „J(r) . (48) 

-ik»r 
If e Is expanded in terms of spherical harmonics it has 

PR 
been shown that ̂  

FAtJk) = hvl1 y^n) ar r* J(kr)«j|(r) . (49) 

The matrix element expressed in terms of Pjm(k) 13 

pH8 + kfl v8 + k̂ . -j a j 
A u  -  [ — +  —zr ] pL<*> • (50) 

A / \ If the reference axis for the coordinates used in F/m(k) is 

chosen to coincide with the argument, k, then the factor 

ŷ (nk) will be given by 

= 6m0 2&T ' 

The integral in P|m(k) can be approximated in two 

ways. One way is to impose a surface postulate which 

requires all the interaction to take place outside a sphere 

of radius, 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, 

cp, outside the nuclear radius Is known to be proportional to 

a Hankel function.2̂  With this approximation the function 

F̂ (k) becomes 
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F^(k) " TITTM [w 3*lm ' J'(kR)& /n (58) 
' A 

This method is employed In what Is usually called the Butler 

theory. An alternate method, first suggested by Bhatla et 

al.,2̂  Is to observe that, because of the (kR)*-dependence 

of the Bessel function and the exponentially decreasing 

dependence of <p on r, there will occur a sharp maximum in 

the integrand at some radius, R, which will be called the 

radius of the nuclear surface. The integral is then approxi

mated by the value of the integrand at that surface as 

follows 

F$(k) 1 nrvlOO Jf(lffi) • (53) 
WA 

These two approaches result in the same distribution. 

However, the former will usually require a smaller radius 

than the latter to fit the same data. 

Because 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 magnitude 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 

a a a .  a 
rK + U)T V + («a-i 

and therefore the differential cross section becomes 

j rHS + U)t V® + U)l-ja 
cKT ° [ un0 + nnp J JJi(vRJ • (55) 

The value of Z is determined by the. state in which the 

neutron moves about the core. For the shell model pre

dicts it to be a p . state, therefore i = 1. Similarly the 
3 /a 

value of i• in determined by the state in which the neutron 

moves about tho -̂ e core. Here the shell model predicts 

this state to be Si, therefore £' = 0. 
2" 

The angular distributions of the o particles from 

the formation of the first three states in 10B were fit 

with this theory by calculating the distribution, varying 

Rj and Ra to obtain the best fit. Figure 22 shows the 

distribution of the a 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 Ra » 1*5 x lcP13 cm and R̂  =» 4.1 x 10~ls cm. 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 Is that direct 



Fig. 22. Angular Distribution of a0. The angular distribu

tion of a particles leading to the ground state in l0B from 

the reaction nB( ̂Keta)10B is plotted. The points are the 

experimental data plotted to an arbitrary scale with a rela

tive uncertainty of 5#. The solid curve is the Butler plane 

wave pick-up prediction with Ra = 1.5 fermis, Rjj = 4.1 

fermis and £ = 1. 
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interactions are present in the reaction. In making this 

conclusion it should be pointed out that there are other 

nuclear processes which do have non-symmetric distribution. 

Such a process is one in which the compound nucleus is 

formed but decays after one or two internal collisions 

rather than many as is assumed in the statistical approach. 

Here the probability of such a process i3 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 a particles from 

the formation of the 0.72 state in *°B is shown. Again the 

points are the experimental data and the line is the predic

tion of the plane-wave theory. The radii that gave the best 

fit are HQ = 1,5 x 10"ls cm and Rp = 4.3 x 10~la cm. The 

predicted shape appears to fit the data; although, again, 

the magnitudes do not agree everywhere. Therefore, it is 

assumed that direct interactions are present in this reaction 

also. 

In Figure 24 the distribution of the a particles 

from the formation of the 1.74-MeV state is shown. In this 

case the shape of the distribution could only be fit with 

the theoretical prediction if the value for I was taken to 

be 0, rather than 1. That is, if the theory applies the 

neutron is removed from an inner ŝ  shell rather than the 

outer p . shell. No reason for this can be given although 
8/» 



Fig. 23. Angular Distribution of ctj . The angular distribu

tion of (» particles leading to the 0.72-MeV state in 10B 

from the reaction "̂ B(3He,a)̂ °B is plotted. The points are 

the experimental data plotted to an arbitrary scale with a 

relative uncertainty of 5#. The solid curve is the Butler 

plane wave pick-up prediction with R0 = 1.5 fermis, Hii0 = 

4 . 1  f e r m i s  a n d  1 = 1 .  
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Fig. 24. Angular Distribution of a,. The angular distribu

tion of a particles leading to the 1.7̂ -MeV state in 10B from 

the reaction 1̂ B(̂ He,o)10B is plotted. The points are the 

experimental data plotted to an arbitrary scale with a rela

tive uncertainty of 5̂ - The solid curve is the Butler plane 

wave pick-up prediction with Ra » 1.5 fermis, Hllg = 3*9 

fermis and 1 = 0. 
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it should be pointed out that this final state has isotopic 

spin T =» 1 whereas all the others have T = 0. Attempts to 

fit the data with & = 1 were made and some degree of success 

11 was obtained if the value of the radius of the B nucleus 

was assumed to be about twice what was observed in the other 

cases. This was not thought to be physically meaningful. 

Also, the possibility that the distribution is really 

symmetric about 90° was investigated. Two separate measure

ments of the distribution were made for Eo = 2.15 MeV 
-Tie 

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 is the theoretical prediction with £ = 0. The values 

of the radii which best fit the data are RQ = 1.5 x 10~13 cm 

and Rii = 3-9 x 10~13 cm. Direct reaction mechanism is 

assumed to be present in this case although the reason for 

the removal of an si-neutron is not clear. 
2 

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 Figure 25 where the points 

represent the experimental data. . Because of this symmetry 

the data were fit with the first two even Legendre poly

nomials. The fit is indicated by the solid line in the 

figure and appears to support the contention of symmetry 

about 90°. The exact function used is 



Pig. 25. Angular Distribution of Oj,. The angular distribu

tion of a particles leading to the 2.15-MeV state in 

from the reaction "̂ B( ̂He is plotted. The points are 

the experimental data plotted to an arbitrary scale with a 

relative uncertainty of The solid curve is the symmetric 

function W(0) = 1(1 + 1.25 P2 (cos 0)). 
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W(6) a I[1 + 1.125 P3(cos e)3 . (56) 

Because of this symmetry it was concluded that the reaction 

leading to this state proceeds through a compound nucleus 

most of the time. 

B. Comparison of Mean Lives to Shell Model Predictions 

In this section 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 

r * I < •£ I n ! ̂  > Is (57) 

where ̂  and ̂  are the wave functions of the initial and 

final states, respectively. The operator, fi, describes the 

electromagnetic interaction and can be expanded in a series 

of terms each of which is associated with either an electric 

or magnetic transition of definite multipolarity. This 

total radiative width is related to the mean life by the 

expression Tt = h. 
28 Weisskopf has calculated values for radiative 

widths by using single particle wave functions. He assumes 

that the radial part of the wave function i3 constant inside 

the nuclear matter and that the single particle moves in a 

spherical potential with well defined angular momentum. The 



radiative 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 Weisskopf limits. The firBt two columns 

define the transition, the third column gives the multi-

polarity of the transition and the fourth column gives the 

change in isotopic apin. The fifth column lists the 

Weisskopf limit for each transition which is to be compared 

with the experimentally determined widths listed in the 

sixth column. The last column lists the ratio of measured 

widths to Weisskopf limits. Wilkinson̂  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 limit. However, for self-conjugate 

10 14 nuclei, of which B and N are examples, there is a selec

tion rule proposed by Morpurgô 0 which inhibits Ml transi

tions for which the change in isotopic spin is not AT = ± 1. 

He suggests that transitions violating this rule should be 

inhibited by a faotor of 100, so that the associated width 

should be about 1/700 times the Weisskopf limit. Finally 

Wilkinson finds that most E2 transitions are about 5 times 

the Weisskopf limits. 



TABLE III 

Comparison of Radiative Width with Weisskopf Estimates 

Nucleus Transition Multipolarity AT Weisskopf2̂  
Estimate, Fw 
(10*s ev) 

Measured 
Value rm 
(10-3 ev) 

rn/rw 

10B 3-58 —* 0.72 MI 0 700 3.0 0.0043a 

10B 3.58 —• g.s. Ml 0 1200 0.70 0.0058a 

1QB 2.15 1.74 Ml +1 2.5 o.o4 0.016 

10B 2.15 0.72 Ml 0 80 0.05 0.0062a 

10B 2.15 g.s. E2 0 .06 o.o4 .6 

10B 1.74 0.72 Ml -1 400 3.46 0.0086 

i4N ' 3.95 —• 2.31 Ml +1 150 > 25.0 > 0.166 

3-95 g.s. Ml 0 3000 > 1.0 > o.ooo33a 

2:31 g.s. Ml -1 700 8.0 0.012 

aThese transitions violate the isotopic spin selection rule for self-conjugate 
nuclei. 

vo 
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The results of the comparison indicates that the 

radiative widths measured here are similar to other widths 

measured for other nuclei. 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 transition probabil

ities can be made with predictions calculated from the shell 
-a-a 

model with intermediate coupling. The nuclear shell model 

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 complication is the question of how to 

couple the odd nucleons in an odd-odd nucleus. If, in 

the holes in the p-shell are assumed to behave as particles, 

the nuclei ̂ °B and "ir are both examples of this case. 

These two nucleons interact with the core, that i3, the 

filled shells, through an average central potential. Also 

they interact with each other through two distinct potentials. 

One is the spin-orbit interaction, a(#*s), 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 much.J 

Strictly speaking LS coupling applies for a/K = 0 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 model̂ "̂ ® applies for the 

cases where 1 < a/K < 5, that is, where neither extreme 

coupling scheme applies. In this model the intermediate 

wave functioris are obtained̂  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 is 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 transition 

probabilities. This calculation has been carried out for 

10B by Kuratĥ  for several values of a/K. His results are 

expressed in terms of transition strengths, A, which are 

proportional to the radiative widths with the dependence on 

the y-ray energy taken out. Explicitly for Ml transitions, 

A is defined as 

A(M1) « r(Ml)/2.76 x 10"® (58) 

and for E2 transitions as 

A(E2) a r(E2)/8.02 x lCf® E® (59) 



100 

where Ê  is the Y-ray energy. Kurath's calculations are 

compared with experimental results in Table IV. The first 

column specifies the transition, the second column gives the 

multipolarity of the transition. The next six columns list 

calculated values of the transition strengths for six values 

of a/K. The last column lists the experimentally determined 

transition strengths. For transitions in which both Ml and 

E2 are allowed, only the Ml transition is listed since in 
•ap 

all cases the measured mixing ratioŝ  indicated that the 

intensity of the E2 component was less than 20$ of.the total 

intensity. The branching ratios used to determine the 
lfi 

radiative width of various transitions are those shown in 

Figure 2. 

For the Ml transitions the experimental values of 

the transition strengths indicate that 1.5 s a/K s 3.0. 

These values of a/K do not agree with values which, accord

ing to Kuratĥ , are necessary in order that the observed 

energy level scheme of "̂ B be predicted. That is, a/K must 

be between 4 and 5 if 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 Warburton et 

ai,31 They measured the branching ratio of decays of the 

3.58-MeV state in 10B to the 0.72-MeV state and to the 

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



TABLE IV 

Transition Strengths for Transitions in 10B 

Transition Multi-
polarity 

a/K Emperical 
Values Transition Multi-

polarity 1.5 3.0 4.5 b .0 7.5 
Emperical 
Values 

3.58 - 0.72 Ml 0.000 0.052 0.060 0.051 C . 04'i 0.045 

3.58 -» g.s. Ml • 0.005 o.o':'!- 0.062 c. 069 0.072 0.0059 

2.15 - 1.74 - Ml 0.02 --a 9.22 13.27 12.27 11.31 0.18 

2.15 - 0.72 Ml 0.001 0.135 0.046 0.039 0.038 O.OO65 

2.15 g»8 • E2 0.092 0.638 0.503 0.451 0.428 10.7 

1.74 - 0.72 Ml 62.8 •—»a 29.7 14.10 15.70 18.40 •1.18 

ĥe symbol • means the matrix element changes si©i between these entries, 
i.e., A vanishes in this interval. 
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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, it appears that the intermediate coupling 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 collective effects. The shell model calcula

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 tend to enhance the higher raultipole transitions, such 

as E2. 

The strength for transitions in calculated from 

the intermediate coupling formation are not available. 

However, such strengths for extreme j-J coupling and for LS 
"3a 

coupling have been computed by Warburton and Pinkston. ̂  

Their results for the states measured here are compared with 

these measurements in Table V. The first two columns 

identify the transition and its raultipolarity. The next 

column gives the radiative width determined from the mean 

life and the branching ratios**0 given in Figure 17. The 
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TABLE V 

Transition Strengths in 

Transition p̂ ty Experimental b(L3) o(ts) 

2.31 - 0 Ml 0.27 2. *15 0.46 0.70 

3.95-2.31 Ml >2.10 7.88 13.1 11.3 

3.95 - 0 Ml > 0.0058 0.032 0.0029 0.0033 

5.10 - 0 (E1,M2,E3) 
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last three columns give the transition strengths calculated 

from the extreme coupling schemes. Column (a) lists the 

results if j-J couplinĝ  is assumed, column (b) and (c) 

list results if LS coupling is assumed. These latter two 

columns differ in that for the column (b) the wave functions 
lil . 

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

those of Visecher and Perrell were used. These wave 

functions differ in the choice 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 LS 

coupling does not apply to this 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 (El, M2, E3)> as was 

shown by Blake et al. ° The measured limit indicates only 

that the El transition is inhibited, presumably by the 

icotopic spin selection rulê  AT = ± 1. That the E3 is 

enhanced could not be determined. 



VI. SUMMARY AND CONCLUSION 

The mean lives of the 3.58-* 2.15- and 1.7̂ -MeV 

states in *°B and the 2.31-MeV state in were measured 

and limits were put on the mean lives of the 5.10- and 

3.95-MeV states in by the Doppler-shift attenuation 

method. The states were produced using the reactions 

. 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 y radiation in coincidence with particles emitted 

in a fixed direction in all cases but for the 5.10-MeV 

state in 

These results are compared with predictions made 

from the shell model. The 10B data are compared in Table IV 

with predictions made from the independent particle model 

with intermediate coupling. It is found that the coupling 

parameter, a/K, must lie in the range 1.5 to 3.0 in order to 

obtain agreement with the experimental results. These 

values disagree with those which give the observed energy 

level scheme. A thorough examination of the theory is 

needed in order to explain the discrepancy. 

In Table V the data are compared with predic

tions made from the independent particle model with extreme 

.105 



106 

J-j and LS coupling schemes. It appears that LS coupling 

correctly predicts the mean life of the 2.31-MeV state 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 from them. 

For completeness all the mean-life data are compared 

in Table III to predictions made from the single particle 

model by Weisskopf. The predictions disagree with the 

experimental results by a factor of 10 which is not 

unexpected because of the approximations in the model. 

The isotopic spin section rule, AT » ± l, for Ml transitions 

in self-conjugate nuclei appears to apply for the cases 

studied. 

The angular distributions of a particles from the 

formation of the first four states in *°B by the reaction 

nB( ̂He,a)1QB 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 in 

Figures 22, 23 and 24. The theoretical curves agree 

reasonably well with the observed distribution. It Is 

therefore concluded that the reaction proceeds in a direct 

manner in all cases except for the formation of the 2.15-MeV 

state. In this cane the reaction appears to proceed through 

a compound nucleus. 
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Finally the mixing of E2 and Ml multipole radiations 

in the 1.43-MeV transition from the 2.15-MeV state to the 

0.72-MeV state in was measured. An angular correlation 

technique was used to determine that the mixing ratio is 

|x| * 0.07. This result indicates that there is very little, 

if any, collective enhancement of the E2 multipole component 

in that transition. 



APPENDIX A 

In the Doppler-shift attenuation method the assump

tion is made that the velocity measured is the average veloc

ity defined in an exact manner by 

Pv0 
v = v /(v) dv , (A-l) 

• 'o 

where /(v) is the normalized distribution of the velocities. 

The velocity that is actually measured in the experiment is 

that velocity associated with the maximum of the observed 

y-ray peak. If the observed peak for monoenergetic y rays 

is assumed to be gaussian in energy, the shape of a peak 

from y rays with a distribution in energy, /Cv(E)] can be 

found by folding this distribution with the gaussian resolu

tion function in the following manner 

P» -(E-E')a 
N(E) = J e a* /[v(E«)]dE« , (A-2) 

00 

. f" 

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 following equation for E , the energy at which 
i" in 

the peak occurs 

108 
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. <Em - E!>' 
E e 5» /tv(E')] dE 

(A-3) 

/[v(E')l §g dE 

This equation cannot be solved exactly since /(v) is not an 

analytic function but rather decays from some maximum, v, in 

an almost exponential fashion to v = 0 where it has a dis

continuous jump. However, certain features of the equation 

can be pointed out. First as the resolution function widens 

that is, as o increases, Em approaches the average energy E 

which is associated with the average velocity, since they 

have the same distribution. Also if the distribution 

/(v(E)) is symmetric about Em, then Em will correspond to 

the average energy. In the present experiment, o is of the 

order of the range in E for which /(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 approximated by a delta function. 

expected to differ from E, an extreme, but analytic, /(v(E)) 

was used to in the expression for Em, namely 

In order to get an idea as to how much Em can be 

/ (v(E))  -  i  (^-) 3  

a a 

0 < E £ E a 
(A-4) 

- 0 otherwise. 
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Here E0 la the maximum energy corresponding to full Doppler 
a 

shift. This distribution is very non-symmetric about the 

average energy corresponding to about the worst case that 

will be encountered experimentally. In order to perform the 

integration in closed form the gaussian resolution function 

was approximated by the first two terms in its expansion, 

assuming, for simplicity, a - Ea 

(E - E)a 
g(Em - E<) - 1 - —S—; • < (A-5) 

Ea 

This function is sharper than the gaussian and so represents 

a worse case than exists in the experiment. 

Substituting these functions in equation (A-3) and 

performing the integration it is found that Em is within 

1$ of the average energy. Since this is the worBt case it 

can be assumed that the maximum in the peak will be 

Em - E(1 ± 0.01) . (A-6) 

This is well within the accuracy at which the peak can be 

measured. So that the association of the y-ray peak with 

the average velocity is justified. 
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