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19 A plot of Fcâ c vs. |v j for the range of speeds encountered 

in the measurements on the 1.27-MeV state in Si39 nfl 



ABSTRACT 

We have used a Ge(Li) detector in the coincidence version of the 

Doppler-shift attenuation method to obtain the following information 

concerning the mean lives of the low-lying states in Si29 and Si31: 

States in Si89 

T(1.27 MeV) = (o 7 
+ 0*9\ 

13,7 - 0.8' x 10"
13 sec, 

T(2.03 MeV) = (-3 rr + 

- 0.9' 
x 10~13 sec, 

T(2.16 MeV) < 6 x 10~14 sec, 

T(3.07 MeV) < 9 x 10~14 sec, 

T(3.62 MeV) = C*-8! "> x 10~12 sec, 

T(U.08 MeV) = (6.8 ± 2.2) x 10"14 sec, 

T(1+.8̂  MeV) < 1.6 x 10~14 sec; 

31 States in Si 

T(0.75 MeV) = (7.2 * ̂*g) x 10"13 sec, 

T(I.69 MeV) = (7.̂  ± 2.3) x lO-13 sec, 

T(2.32 MeV) < 3 x 10"13 sec, 

t(3.1^ MeV) = (5.0 * g"g) x 10"13 sec, 

T(3.53 MeV) < 3.7 x 10~14 sec. 

Slowing down in the target as well as stopping in the backing material 

is considered. A detailed calculation of the unattenuated Doppler-shift 

ix 
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and the results of a series of measurements testing this calculation are 

reported. 

From our mean life results we have deduced the reduced matrix 

elements for electromagnetic transitions among some of the low-lying 

states in Si29 and Si31. We have made an extensive comparison between 

these values of the reduced matrix elements and those predicted by the 

extreme single-particle model, the Nilsson rotational model, and the 

shell model with configuration mixing in the 2sx and ld3 shells. On 
a 2 
TT 7+ 3 

the basis of the above comparisons, values of J = 2 and K = j are 

suggested for the spin, parity and rotational quantum numbers, respec

tively, of the ^.08-MeV state in Si29. The following values of the 

AR spheroidicity parameter, 6 = -— (where AR is the difference between the 
«o 

major and minor semi-axes of the spheroidal nucleus and Rq is its mean 

radius), were obtained from the measurements on Si29 and Si31: 

l°L® ~ 0.35.±0.03 and |6| „ 0.28 . 
Si Si 

A value of H. = 0.10 for the spin-orbit coupling parameter seems appro

priate for both nuclei. Some information concerning the branching 

ratios of the states at U.89, and U.93 MeV in Si29 is also pre

sented. A value of 752 ± 0.6 keV was obtained for the excitation 

energy of the 0.75-MeV state in Si31. 



CHAPTER I 

INTRODUCTION 

The theory used in the description of the electromagnetic radia-

1 2 tion field and its interaction with nuclei is quite rigorous. 9 There

fore, the matrix elements for electromagnetic transitions between two 

nuclear states depend only on the form of the nuclear wavefunctions used 

to calculate them. Thus, a knowledge of these matrix elements would be 

extremely useful in the evaluation of a description of these states in 

terms of a particular nuclear model. The reason we measirt "'2 mean 

lives of nuclear states is that they yield information concerning the 

electromagnetic matrix elements connecting the states in the transitions. 

16 40 
In the 2s - Id shell, from 0 to Ca , two quite different, 

types of models have been used in an attempt to explain the properties 

"3_7 
of these nuclei. One is the rotational collective model and the 

8-12 other is the shell model. 

The levels of the rotational collective model are grouped into 

rotational bands each based on an intrinsic single particle state calcu

lated for a deformed nuclear potential. That is, in an even-odd nucleus 

there is a single particle outside of a rotating and permanently de

formed even-even core. This model has been used to describe the proper-
i ̂  -i O 

ties of the low-lying states of many 2s - Id shell nuclei.One of 

the earliest of these works was that on Si29 by Bromley, Gove, and 

Litherland^ (see Fig. l). They made an extensive comparison of the 

1 
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measured properties of Si39 and those predicted by the collective model. 

Their analysis indicated that Si29 was oblate with a spheroidicity para-

met er^'"^ 6 « - 0.15 where 6 « ̂  and AR is the difference between the 
O 

major and minor semi-axes of the spheroidal nucleus while Rq is its mean 

radius. 

19 More recently, Webb, Roberson, Poore, and Tilley ̂  have obtained 

much information concerning the spins, Y-ray multipole mixing ratios, 

31 and Y-ray branching ratios of the states in Si up to 3-53 MeV (see 

Fig. 2). Some of these Y-ray transitions seemed to exhibit large elec

tric quadrupole amplitudes suggesting possible collective behavior in 

Si31 as in other 2s - Id shell nuclei. Indeed, Webb, Roberson, and 

3.3 Tilley have made a collective model interpretation of the low-lying 

structure in Si31 (see Fig. 2), and were reasonably successful in ob

taining a consistent explanation of the multipole mixing ratios of the 

ground-state transitions from the states at 1.69 and 2.79 MeV. 

11 12 In addition, Glaudemans, Wiechers, and Brussaard ' have used 

38 an inert Si core and considered intermediate coupling with configura

tion mixing in the 2s, , Id, shells in order to determine shell model 1 
8 2 G 

wavefunctions for nuclei between Si39 and Ca4°. Wiechers and Brussaard 

have used these wavefunctions to calculate Ml transition probabilities 

among the low-lying levels of some of these nuclei. 

Since the electromagnetic matrix elements are relatively very 

20 sensitive to the assumed forms of the nuclear wavefunctions, a mea

surement of the mean lives of the states in Si29 and Si31 together with 

the previous work on the branching ratios and multipole mixtures of the 



19 21-23 transitions among these levels ' would be very useful in any de

tailed evaluation of a particular interpretation of these states. We 

have used the Doppler-shift attenuation method to obtain information 

concerning the mean lives in Si39 up to ̂ .1 MeV and in Si31 up to 3.6 

MeV. The results of these experiments are presented in the following 

report, and where possible, compared with predictions of various models. 



CHAPTER II 

THE DOPPLER-SHIFT ATTENUATION METHOD 

The Doppler-shift attenuation method for measuring mean lives of 

2h-28 nuclear states has been described many times in the literature. 

The following is a brief review of the fundamental features of this 

method. 

The energy of a Y ray emitted from an excited state of a nucleus 

recoiling with a velocity v can be written to first order in v/c as 

Ey " V1 * ! * 

where Eq is the energy of the Y-ray transition in the rest frame of the 

recoiling nucleus and r is a unit vector in the direction of the emitted 

Y ray. The energy of a Y ray that is detected by a Y-ray detector lo

cated along the direction of the recoiling nucleus is 

Ey - Eo <x + 

If the nucleus were recoiling in a stopping material, its ve

locity would be a function of time and the Y-ray energy of Eq. (2) would 

be expressed as 

E^t) = Eo(l + (3) 
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If we were to start with a parallel beam of recoiling nuclei instead of 

a single nucleus, Y rays emitted by these nuclei and detected by a Y-ray 

detector located along the beam direction would have an average energy 

which would correspond to a weighted time-average of all these decays. 

This time average can be expressed as 

CD 

<Vt = J EY(t) dt » M 

where E^(t) is the same as Eq. (3) and W(t) is proportional to the num

ber of nuclei that decay per unit time. The weighting function is de

fined as 

M _T/T 
w(t) B = , (5) 

I S "  

where N is the number of undecayed nuclei present at the time t, and T 

is the mean life of the decaying state in these nuclei. Using Eqs. (3) 

and (5) in Eq. (U), we obtain the following expression for the differ

ence between the energy of the Doppler-shifted Y rays and the unshifted 

Y-ray energy, EQ, 

00 / 

A Vt V <Vt - Eo = Eo I ^dt • <6> 

Since the value of the integral in Eq. (6) depends on T, the attenuated 

Doppler shift, A (E^)^, is related to the mean life of the excited state 

of the decaying nuclei. 
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The largest possible energy shift, the unattenuated Doppler 

shift, results when all of the ions decay while they are still moving 

with their initial velocity, v . The difference between the full-shift-

ed Y-ray energy and the unshifted energy, Eq, is 

4 <Vo - • <7> 

In the following discussion we will be most concerned with the 

ratio of the attenuated Doppler shift of Eq. (6) to the unattenuated, or 

full, Doppler shift of Eq. (7). This ratio is commonly called the 

attenuation factor, F, and can be expressed as 

'M • - ? J" *"tA ̂  * • (8) 
ry o wo o 

In practice the mean life of an excited state is determined in the fol

lowing manner. First, the attenuated Doppler shift, A<E )^, is measured 

and the full Doppler shift, A<E^)q, is either measured or calculated. 

The ratio of these values is called the experimental attenuation factor, 

*expt* Second, the integral in Eq. (8) is evaluated for several values 

of T and a plot of F vs. T is made. Finally, the mean life is read off 

the point on the calculated curve corresponding to an attenuation factor 

^expt* measuremen̂  the attenuated Doppler shift will be de

scribed in detail in the next section. The details of the calculation 

of the full Doppler shift are presented -in Appendix A. 

In order to evaluate Eq. (8) the function v(t) must be known. 

This function can be obtained from the stopping power equations of 



29 Lindhard, Scharff, and Schiott. There are two ways a recoiling ion 

can lose kinetic energy in a stopping material. The first is by colli

sions with the electrons of the stopping material. This is the so-

^dE\ called electronic stopping power, \^)e> of the material. The second is 

by atomic collisions with the nuclei of the stopping material, i.e., 

Coulomb scattering. This is the nuclear stopping power, (^)n> °f the 

material. 

If we neglect the nuclear stopping power, and if we assume, as 

is usually the case,^'2̂  that 

(dE^ _ Mdv _ Mv /_% 
~ \dxJe ~ " dt " or 

ws are able to analytically evaluate the integral of Eq. (8) using the 

simple expression for v(t), 

v(t) = vq e_t/a (10) 

where a is the characteristic electronic-slowing-down time of the mate

rial, and M is the mass of the recoiling ion. Using Eq. (10) in Eq. (8) 

we obtain 

F(T) = . (11) 

The attenuation factor in Eq. (ll) is most sensitive to small changes in 

T in the region T « a, where or is typically 5 x 10"13 sec for solid 

stopping materials. Therefore mean lives in the range 5 x 10~12 > T > 

—X4 5 x 10 sec may be easily measured, using a solid stopping material 



end the Doppler-shift attenuation method. 

The effect of the nuclear stopping power is more complicated 

than that for the electronic stopping power of a material. Whereas the 

collisions with electrons leave the direction of the recoiling nuclei 

unchanged, atomic collisions can quite markedly change both the direc

tion and the energy of these ions. 0̂ This change in direction will also 

attenuate the Doppler shift. A. E. Blaugrund^ has modified Eq. (8) to 

include the effects of large-angle nuclear scattering. This modifica

tion is briefly described in the following discussion. 

The energy of a Y ray emitted along the initial direction of a 

recoiling nucleus after the nucleus had been scattered into an angle cp 

viL.ii respect to its initial direction is 

EY(t) = Eq [l + cos cpj (32) 

An originally parallel beam of recoiling ions will have an angular dis

tribution function F(cp,x) after traversing a distance x in the stopping 

material.^® In order to have the correct expression for the energy of 

y rays emitted from these recoiling nuclei, the function v cos cp in 

Eq. (12) must be averaged over all solid angles weighted by F(cp,x). 

Therefore, the large-angle nuclear scattering leads to 

where ( 

= Eo I1 + 5 C0S * 1 » (13) 

) indicates an average of the quantity ( ) over nuclear 



scattering. Using Eq. (13) for the attenuated Doppler shift in Eq. (8), 

we obtain 

GO 

= i J e_t/T cos cp dt , (llf) F calc o 

where the subscript calc denotes the attenuation factor is calculated 

from theory. Finally, Blaugrund 0̂ has shown there is negligible error 

in neglecting the correlation between v and cos cp in Eq. (13). There

fore, Eq. (l^) may be rewritten as 

Fcalc(T»vo) = ? J e"t/T cos * dt ' (l5> 

where cos cp denotes cos cp is averetged over all solid angles weighted by 

F(cp,x). Equation (15) is evaluated numerically at a Vq equal to the 

average initial speed of the recoiling ions. Figure 3 shows a plot of F 

in Eq. (ll) vs. T and also a plot of in Eq. (15) vs. t for Si29 

ions recoiling in copper. 

There is some evidence that stopping powers calculated from the 

29 theory of Lindhard et al. * may disagree with the measured values by 10-

2*7 
20$. However, the information is not conclusive and the calculated 

stopping powers have been used in the present work and have been as

signed a ± 20$ uncertainty. 

Before describing the measurements of the Doppler shifts we will 

discuss two points concerning Eq. (15), which are modifications of the 

evaluation described by Blaugrund,^ and which will be applicable to our 
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experimental conditions. First, the nuclear stopping power is assumed 

to have the following form 

(all = an 20 > € > 1.2 (Ifia) 

'dG\ ^n 

P (1.2)V3 

d pV2 
d€^ = n € 

n /_ 2 (0.12) 

1.2 > 6 > 0.1 (l6b) 

0.10 > € > 0.01 (l6c) 

where is defined in Ref. 30 and 6 and p are dimensionless variables 

29 introduced by Lindhard et al. ̂  

Second, we have considered slowing down in the target material, 

as well as stopping in the backing. The target is divided into IT layers 

and the attenuation factor, F (̂T), is calculated for ions originating in 

each layer. The effect of the finite thickness of the target is includ

ed in the attenuation factor obtained from 

N F. 

?calc = i?i N~ * 

In order to calculate F^ (-0 we need to determine the energy 

possessed by ions originating in the ith layer when they enter the back

ing material. This energy is obtained from a range-energy curve gener-

29 ated from the equations of Lindhard et al. * In addition to the above, 

we require the function cos 9 to be continuous at the target-backing 

interface. 
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The integral in Eq. (15) is numerically evaluated using the 

31 method of Gaussian Quadratures. An example of a calculation of the 

attenuation factor, F^(T) from Eqs. (15) and (17) may be found in Appen

dix B. The results of the evaluation of Eq.. (17) for the 4.08-MeV state 

29 i in Si are illustrated in Fig. 4. The curves in this figure show 

as a function of T for several thicknesses of a natural silicon target 

evaporated onto a thick copper backing. These curves illustrate the im

portance of including the slowing down in the target in the evaluation 

of F . . calc 

Finally, it should be pointed out that the factor F(T,Vq), cal

culated from Eq. (15), should be compared with a quantity measured with 

point detectors, whereas we wish to compare it with an FeXp^_ obtained 

with finite-sized detectors. We have shown in Appendix C that although 

for our geometry the unattenuated Doppler shift differs from that calcu

lated for point geometry by about the ratio, Fexpt, differs from 

point geometry by less than 0.1%. 



CHAPTER III 

DETAIIS OF THE EXPERIMENTAL PROCEDURE 

In the present experiments excited nuclei were produced in nu

clear reactions of the type X(a,b)Y. The attenuated Doppler shift is 

measured by observing Y rays emitted from nuclei recoiling in a stopping 

material. We may fix the initial velocities (magnitudes and directions) 

of the recoiling nuclei Y by requiring Y rays observed in a Ge(Li) crys

tal to be in time coincidence with particles b detected in a silicon 

surface-barrier detector. Since the Q-value for the reaction and the 

directions of the b particles are known, conservation of energy and mo

mentum completely determine the initial velocities, v , of the recoiling 

ions. However, the coincidence requirement does much more than define 

the initial velocities of the recoiling ions. An immediate and impor

tant consequence of the coincidence condition is a greatly increased 

signal to background ratio. In many cases the Y-ray peak of interest is 

easily seen in the coincidence spectrum but is lost in the Y-ray back

ground radiation in the free Y-ray spectrum. 

A widely used alternative application of the Doppler-shift at

tenuation method involves no coincidence conditions. This method fixes 

the direction of the recoiling nuclei by the use of a reaction which 

produces an ensemble of recoiling nuclei which approximate closely a 

uni-directional, monoenergetic beam. Examples of reactions of this type 

are heavy ion reactions such as H3(01S ,nY)F18 ̂  (particle, garania) 

12 
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capture reactions such as A£ 7(p,v)Si 8, and endothermic neutron-pro

ducing reactions used near threshold, such as F19 (ar,nY)Na23 The ap

plicability of this version of the Doppler-shift method is limited. In 

the first case it is limited by the need for a heavy ion accelerator and 

in all three it is limited by background radiation problems. Some pro

ponents of this non-coincidence method claim the trend today is toward 

20 the use of this version since the low efficiency of the Ge(Li) detec

tors makes coincidence measurements difficult. 

Although the efficiency of Ge(Li) detectors is low we have con

tinued to develope their use in the coincidence version of the Doppler-

shift method because of the tremendous applicability of this version. 

We are now able to routinely measure the Doppler shift of V rays emitted 

from any state that may be populated by a nuclear reaction of the type 

X(a,b)Y, where the charged b particle is detected in a silicon surface-

barrier detector. This includes the whole class of normally prolific 

(d,p) reactions which were excluded in the non-coincidence version. 

If y rays are observed at two different angles with respect to 

the recoiling nuclei, the ratio of the difference in the average Y-ray 

energies detected at these two angles to the difference which would be 

measured if the nuclei recoiled in a vacuum (i.e., v(t) = v ) is 

F „ = _ ' <Vs,t _ (18) 
expt Eo 

K<70 • ;>p)vl - (<7o • "'0 ] 

In this equation (E .) . is the space-and-time-averaged energy of 
Yl 

y rays seen by the Ge(Li) detector at angle i and r is defined in Eq. (l), 



Ik 

The symbol ( ) denotes an average over all initial velocities, v , al-p o 

lowed by the size of the particle detector, while ( > ^ is the average 

over all of the Y-ray directions allowed by the dimensions of the Y-ray 

detector at angle i. Since r has coordinates connected only with the 

direction of the emitted y ray and Vq has coordinates connected only 

with the recoiling nuclei, the denominator of Eq. (l8) may be simplified 

as 

< < v  •  r ) =  < v  >  *  < r >  .  (19) 
P/yi p y 

Using Eq. (19) in Eq. (l8), we obtain 

<EYl>g,t " ̂ ^t ^ (2Q) 

expt E _ 
— <v ) • [<r> - <?> 1 c wo'p L 'yl N 'y2j 

The numerator of Eq. (20) is referred to as the attenuated Dop-

pler shift of Y rays from the nuclear state in question and is a meas

ured quantity. The denominator is the unattenuated Doppler shift, and 

is either measured or calculated. The details of this calculation are 

presented in Appendix A. The results of measurements made to check this 

calculation are presented in the Full-Shift Measurements section of 

Chapter IV. 

A difference between two energies is measured as opposed to a 

measurement of a single energy from which the unshifted energy, Eq, is 

subtracted because the uncertainty in a measurement of an energy differ

ence is much smaller than the uncertainty in an absolute energy 



determination. This situation arises from the small inherent non-

linearity of the available electronics and from the difficulty in ob

taining a Y-ray standard whose energy is stifficiently close to the 

energy of the y ray of interest. In addition, the unshifted energy, EQ, 

is usually not well known, since most nuclear energy levels are rarely 

quoted to better than a few keV. Since we are dealing with energy 

shifts which are usually less than 10 keV, an uncertainty of a few keV 

is prohibitive. 

In the present experiments we have used two types of experimen

tal arrangements to observe y rays emitted at two different angles with 

respect to the initial direction of the recoiling nuclei. The first 

configuration, shown schematically in Fig. 5, used one target and one 

silicon surface-barrier detector, and required the Ge(Li) crystal to be 

located alternately at two different angles with respect to the recoil

ing nuclei. 

The second configuration, an improvement over the first, employs 

two targets, two particle detectors, and a stationary Ge(Li) crystal. 

This experimental arrangement is shown schematically in Fig. 6. This 

arrangement minimizes the systematic errors due to gain shifts in the 

electronics or zero-level drift in the analog-to-digital converter (ADC) 

of the pulse-height analyzer, since y rays emitted at two different 

angles with respect to the incident direction of the recoiling nuclei 

are recorded simultaneously. These experimental arrangements will be 

discussed in greater detail in the following sections. 



Configuration 1: A Movable Gamma-Ray Detector 

29 This configuration was used for all of the measurements on Si 

and the measurements on the states at 0.75, I.69, and 3.53 MeV in Si31* 

Since the descriptions of the experimental procedures are the same, only 

39 the details for the Si measurements will be discussed. 

Targets of natural silicon with thicknesses ranging from 70 to 

500 p.g/cm2 evaporated onto backings of copper, nickel, gold, and carbon, 

were bombarded with a beam of 50 - 100 namps of 2-MeV deuterons. Pro

tons from the Si28(d,p)Si39 reaction were detected in a 150 mm2 silicon 

surface-oarrier detector located at 125° with respect to the incident 

beam and approximately a centimeter from the target. This detector was 

covered with a 50 micron aluminum foil to keep elastically-scattered 

deuterons from reaching it. A spectrum of protons obtained with this 

detector is shown in Fig. 7-

gg 
Gamma rays in coincidence with protons to a given state in Si 

were detected with a 20 cm3 Ge(Li) crystal located, alternately at 0° and 

150° to the recoiling nuclei. The resolution of this system was about 

U keV full-width-at-half-maximum (FWHM) for 1-MeV y rays during measure

ments on the 3.62-MeV state and about 6 keV for the remainder of the 

measurements on Si29. Gamma-ray pulses were analyzed with a ̂ 96-

channel ADC from which two octants were stored in a 102U-channel mem

ory. The gain of all of the electronics and the zero-level of the ADC 

were digitally stabilized. A block diagram of the electronics used in 

this configuration is shown in Fig. 8. As a check on the stability of 

the electronics, the shift of the long-lived {T = (2.587 ± 0.0*42) x 

10-1° sec}^ 871-keV state in 0X7 was measured simultaneously with the 
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measurements on the 3.62-MeV state in Si29 and the states at 0.75, I.69, 

and 3.53 MeV in Si31. In all of these cases the shift of the 871-keV 

Y ray was found to be zero, as it should be, within the statistical un

certainties of the measurements. 

Low-level leading-edge timing for the Y-ray pulses was obtained 

with a time-pick-off unit. Proton timing signals were obtained with a 

timing-single-channel analyzer whose time-pulse output corresponded to 

the zero crossover of the double-delay-line-clipped proton pulses. 

These timing pulses were fed into a fast coincidence circuit. A resolv

ing time of 2T = 60 nsec FWHM was obtained with this arrangement. The 

beam current was adjusted so that the chance coincidence rate was negli

gibly small. This rate was measured by comparing the rates of the yield 

of Y rays of interest to that of the 0.511-MeV Y rays in the coincidence 

and singles spectra. 

Configuration 2: A Stationary Gamma-Ray Detector 

This experimental arrangement was used for the measurements on 

the states at 2.32. 2.79, and 3.1̂  MeV in Si31. As mentioned above, the 

significant feature of this experimental arrangement is the simultaneous 

measurement of the Doppler shifts of Y rays emitted in the forward and 

backward directions with respect to recoiling nuclei. A block diagram 

of the electronics used in this configuration is shown in Fig. 9« 

Targets of 100 - 300 ̂ g/cm3 of SiOg enriched to 95.5$ in Si30 

were evaporated onto thick tantalum strips. The targets were mounted 

horizontally and adjusted so that half of a 50 - 100 namp beam of 

2 - U MeV deuterons hit each target. Recoiling Si31 ions were produced 
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in the reaction Si30(d,p)Si31. The protons from this reaction were de-

tected in two 300 mm annular surface-barrier detectors located 11.4 mm 

from the targets and subtended angles from lUo° to 170° with respect to 

the incident beam. These detectors were covered with a 50 - 200 micron 

thick aluminum foil to keep the elastically-scattered deuterons from 

being detected. A typical proton spectrum obtained with one of these 

detectors is shown in Fig. 10. 

Two 20 cm3 Ge(Li) Y-ray detectors were used during the course of 

the measurements on Si31. These Ge(Li) crystals had h- and 10-keV reso

lution FWHM for 1-MeV Y rays. Gamma rays in coincidence with protons 

detected by the upstream detector were routed to one half of the memory 

of the pulse-height analyzer, while those in coincidence with protons 

detected by the downstream detector were routed to the other half. The 

routing was accomplished with a digital gate and routing unit built at 

this laboratory. The y-ray pulses were analyzed with a U096-channel 

ADC. The zero level of the ADC and the gain of all the electronics were 

digitally stabilized. 

Several fast amplifiers and a low-level discriminator were used 

to obtain timing signals for the Y-ray pulses. The zero crossover of 

the proton pulses was used for proton timing signals as previously de

scribed in the section on Configuration 1. The fast coincidence circuit 

consisted of a time-to-amplitude converter (TAC) whose output was passed 

through a single channel analyzer. The TAC was started by the Y-ray 

timing pulses and stopped by the proton timing signals. A resolving 

time of 2T = 30 nsec FWHM was obtained with this circuit. The chance 
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rate was measured by comparing the yield of the y rays of interest to 

that of the 0.5H-MeV y rays in the coincidence and singles spectra and 

was less than 3%. Pulse-pile-up in the linear Y-ray leg was reduced by 

rejecting any two Y-ray pulses which were closer together in time than 

JjS îsec. This was done to maintain the resolution of the Ge(Li) detec

tor at high count rates. 

Preparation of Targets 

28 An electron-gun evaporation technique was used to prepare Si 

30 targets from natural silicon metal and Si targets from SiOg powder en-

. 30 23 30 riched to 95.5% in Si . The Si and Si target materials were evapo

rated onto 3 mm x 22 mm x 0.13 nim strips of copper and tantalum, 

respectively. These backings were washed in a 20$ HNÔ  solution to re

move some of their surface impurities. 

A Materials Research Corporation model vU-200 electron beam 

vapor deposition gun was operated in a 30" diameter bell jar which was 

evacuated to about 10"6 torr. The target material was placed in a model 

V̂ -010U standard carbon crucible with the tungsten filament of the gun 

positioned about 1 cm above the target material. The backing materials 

were placed about lU cm and 3 cm above the center of the crucible for 

33 30 the Si and Si evaporations, respectively. 

28 For the Si target, the carbon crucible was filled with silicon 

metal which was evaporated for 1 minute at electron gun settings of 

3000 V high voltage and 100 - 150 m amps electron beam current. This 

procedure was repeated four times. Targets of k25 p,g/cm3 thickness were 

prepared in this fashion. A target thickness of 100 ng/cma was a 
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reasonable estimate of the amount of material deposited per evaporation. 

30 For the Si target, the carbon crucible was filled with 5 mg of en

riched SiOg powder which was completely evaporated at electron gun set

tings of 2500 V high voltage and 100 - 125 m amps of electron beam 

current. SiOg targets of 100 - 200 p-g/cm3 thickness were obtained with 

this technique. 

Data Reduction and Error Analysis 

The Experimental Attenuation Factor, » and Its Error 

The experimental attenuation factor, Fex̂ _, in Eq. (l8) can be 

expressed ELS 

ME> 
Fexpt " (21) 

where A(lî ) is the measured value of the attenuated Doppler shift, and 

A<Vo is the calculated full Doppler shift. Thus, the uncertainty in 

I?expt may be expressed in terms of the statistical uncertainties in 

A(E_.> and A(E_) aŝ  
Y y o 

6(Fexpt> J r 6<*<y>f , r 6<A<Vo> -f iva ,22) 
Fexpt " ^ MV -1 L aUVo -1 S ( 5 

A discussion of the evaluation of the quantities in Eqs. (21) and (22) 

is presented below. 
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The attenuated Doppler shift., A<Ê ), and its error, 6(A<Ê )). 

The average Ŷ -ray energy <Ê > in Eq. (U) can be written as 

E.. dE., I N09 
<EY> = (23) 

I H(V dÊ  

where N(Ê ) is the number of Y rays emitted with energy between Ê  and 

Ê  + dÊ . Therefore, the attenuated Doppler shift (the numerators of 

Eqs. (18) and (2l))of Y rays emitted from nuclei recoiling in a stopping 

material is obtained from the difference between the average energy (or 

centroid) of Y rays detected by a Ge(Li) crystal located at two differ

ent angles with respect to tho recoiling nuclei. The method of evalua

tion of each average energy is the same and is described below. 

Since the Y-ray data are stored in the memory of a pulse-height 

analyzer, Eq. (23) becomes 

? C. x. 
x = I L_i (2^) 

where x is the centroid of the peak and is the number of counts in 

the energy interval (channel) x̂ . The sum in Eq. (2U) is extended over 

all of the channels in the Y-ray peak. 

It is interesting to note that the centroid of the peak and the 

location of the peak maximum are equivalent quantities for measurements 

on states with very long or very short lifetimes. In the case of the 

short-lived (T < lO"14 sec) nuclear states almost all of the decays 



occur while the velocity of the ions is still equal to their initial 

value, v . Hence all of the emitted Y rays have the same energy. This 

is also the case for the long-lived (T > 10-11 sec) states since most of 

the decays from these states occur after the recoiling ions have come to 

rest in the stopping material. Therefore, Y-ray peaks are symmetric 

about the average energy (Ê ) and the width of the peaks is just the de

tector resolution, e.g., (Ê ) « Eq for measurements on long-lived 

states. 

Average Y-ray energies used in the numerator of Eq. (20) were 

obtained from pulse-height spectra in two ways: (a) Peaks in the spec

tra were fitted to a function composed of a Gaussian plus a quadratic 

•35 
b*okground function using the computer code described by Mariscotti. 

/ \ lo (b) A quadratic function obtained from a least squares fit to the 

background data was subtracted from the data in the region of the peak 

of interest and, using Eq. (2U), the centroid of the peak was computed 

from the remainder. No difference was observed in the average Y-ray 

energies determined in these two ways for the short- or long-lived 

states. However, only the centroid values were used to determine the 

quoted Doppler shifts of all states except those at U.8U and U.93 MeV in 

Si39. 

The statistical uncertainties in locating the position of the 

Gaussian or the centroid of the peak were used as errors in the average 

Y-ray energies quoted. If the Y-rays are detected in the presence of 

background radiation the statistical uncertainties in the centroid are 

calculated in the following manner. The centroid is obtained from the 

expressions 
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x = _ _1 ? <
Ci - V Xi (25) 
2 (C. - b.) 
i x x x' 

and 

b± = a1(xi - Xq)3 + - Xq) + a3 (26) 

where x is the centroid of the peak, is the value of the background 

function in channel x., C. is the number of counts in channel x. . a, 
i* l x* 1-3 

are parameters determined from a least squares fit to the background, Xq 

is the first channel in the background fit, and the sum is extended over 

all channels in the peak of interest. The error in the centroid value 

3I4. 
as determined from the propagation of errors is 

•« -1? dr)vA(«)\vr ( 2 7 )  
X 1 V=-L v 

where 6(â  ̂ ) are "the errors in â  ̂  determined from the least squares 
o|i 

fit to the background and (&(Ĉ ))3 = Ĉ . The error, 6(x) is computed 

for each measurement of x. 

The attenuated Doppler shift [the numerator of Eqs. (18) and 

(21)1 is 

A<E^> = Ax = 

where x̂  is the average energy of the 

direction with respect to the initial 

\ (28) 

y rays detected in the forward 

direction of the recoiling nuclei, 
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and similarly x̂  is the centroid of the Y-ray peak recorded by Y rays' 

detected in the backward direction with respect to the recoiling nuclei. 
o]. 

Using Eq. (27), the error in the attenuated shift, 6(A(ê ), is 

5«Ey» = 6(AS) = t [SCJj.)]" + CHJj,)]2 }V3 • (29) 

As a check on Eq. (27), several measurements of each Y-ray energy were 

made, and standard deviations of individual measurements from the over-

3̂  all average were computed. In almost all cases, errors obtained in 

this way agreed with the computed uncertainties. Figure 11 shows an 

analysis of the attenuated Doppler shift of Y rays emitted from the 

2.̂ 3-MeV state in Si29. Indicated in the figure are the fitted back

ground functions for these data, the centrolds, and the errors in the 

centroids of the Y-ray peaks for y rays detected in the forward and 

backward directions with respect to the initial direction of the recoil

ing nuclei. 

To study the magnitude of 6(x) in more detail, Eq. (27) is sim

plified by assuming zero background to 

r ~iV2 
[S(x. -!)3cJ 

5® = — • (30) 

If we assume the to be distributed as a Gaussian about x with a width 

or which is related to the FWHM resolution of the Ge(Li) detector by 

a = [8 j£n(2)]~V2 FWHM =" 0.508 FWHM (31) 
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we get 

-frj- x)a/2cr3 

c = — — (32) 
(2") c 

where A is the magnitude of the area under the Y-ray peak of interest. 

In addition, if we allow the summations in Eq. (30) to become integrals 

over all x, we have 

, — \ 2 -(X-X)2/2 CT2 , -̂ 1/3 (x - x) e v ' ' dx • 
(2H)Va CT J" 

6(*) = — r (33) 

J 
-(x-x)2/2a2 ̂  

A --00 (2TT)V3 a 

or 

b(Z\ _ CT _ 0«508 FWHM 

(A)V2 (A)VS 

For example, from Eq. (3̂ ) the centroid of a Y-ray peak containing 100 

counts obtained with a Y-ray detector whose resolution at FWHM of the 

peak was h keV will be uncertain by 6(x) =" 0.2 keV. 

The uncertainty, 6(A(ê )q), in the estimate of the unattenuated 

Doppler shift. The full Doppler shift, A(Ê )q, depends on the following 

parameters: (a) the incident beam energy; (b) the particle detector's 

position and size (the solid angle it subtends); (c) the Y-ray detec

tor's position and size; (d) the Q-vaiue of the reaction X(a,b)Y; and 

(e) the masses of the X, Y, a, and b particles. 
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The error in A<Ê )q is determined in the following manner. 

First, we estimate the lower bound of the maximum uncertainty in each 

parameter and use this value as the 90p!o confidence limit for that para

meter. We then assume that a one standard deviation uncertainty in the 

value of the parameter is equal to one half of this maximum uncertainty 

estimate. 

Second, varying one parameter at a time, we calculate A<Ê )q for 

parameter values which are one standard deviation away from their ex

pected value. The uncertainty in A(Ê )q due to the uncertainty in a 

particular parameter is simply the difference between the A<Ê )q calcu

lated from the ± one standard deviation values of the parameter and that 

calculated from the expected, parameter value. 

Finally, the total uncertainty in A(Ê )q is determined from the 

square root of the sura of the squares of the uncertainties in A<Ê )q due 

to the uncertainty in each parameter. The uncertainties in the Q-value 

and the masses of the reaction products made a negligible contribution 

to the total uncertainty in A<Ê )q . In the present measurements the 

total uncertainty in A(Ê )q is about 1$>. The results of a series of 

measurements testing the calculation of A<E ,) are presented in the 
V o 

Full-Shift Measurements section of Chapter IV. 

Finally, using Eqs. (27) to (29) in Eq. (22), we get 

6tFeWt> , / r s(ax)-Is . r a(i<N>o>-f y 

W "uaJ L 
4<s>o J ' v35) 
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The Target Thickness, T, and Its Error 6(T) 

The target thicknesses were determined from a weighing procedure. 

In the case of the Si28 targets a 2.̂ k cm x 7.62 cm glass microscope 

slide was placed next to the copper backing during the evaporation pro

cess. The increase in weight, AID, and the area of deposition, Â , were 

noted and the target thickness determined from 

T - £ = (36, 
d d 

where and u>a are the weights of the glass slide before and after 

3I4. 
evaporation. Thus, the uncertainty in the target thickness is 

(37) 
d 

In the cases considered in these experiments the percentage error, 

(6(Ad))/Â , was negligible relative to the percentage (6(Au)))/Au>. The 

Si28 target used for the mean life measurements was *t25 ± 8 p.g/cm2 where 

a typical Si30 target was 200 ± 30 jig/cm2. The thickness of the Si30 

target was determined directly from the increase in weight of the 3 nrni x 

22 mm strip of tantalum. Therefore, the area of deposition of Si30 was 

much smaller than the 650 mm2 area of the Si28 on the glass slide. This 

difference in Â 's is the primary reason for the large difference be

tween the quoted target thickness errors for the two targets. 
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The Error, 6(T) , in the Mean Life Measurement 

The uncertainty in the value of the mean life of a nuclear state 

determined with the Doppler-shift attenuation method depends on the un

certainties of the following quantities: (a) the experimental attenu

ation factor, Fgxp-j.; O3) "the thickness of the target (see Fig. and 

(c) the values of the stopping powers of the target and backing mate

rials. In order to get a reasonable estimate of the error 6(T), we have 

treated the uncertainties in (a) and (b) as random errors; whereas the 

errors in the calculation of the stopping powers have been assiuned to be 

27 systematic. The contributions of (a), (b), and (c) to 6(T) are dis

cussed below. 

The error, &(TF), in the mean life due to the uncertainty in 

F .. When a mean life T is inferred from an attenuation factor, expt 

FgXpt > which has a statistical uncertainty 6(Fex̂ _̂) given by Eq. (35) > 

there is an uncertainty in the mean life, S(T̂ ), which is propagated by 

the uncertainty • The graph in Fig. 12 shows how 6(T̂ ) is ob

tained from 6 for the measurements on the 3. lU-MeV state in Si31. 

The error, 6(1̂ ), in the mean life due to the uncertainty in the 

target thickness, T. If the F vs. T curves are plotted as in Fig. 4 and 

the mean life read off the curve corresponding to the target thickness 

T used in the experiment, there is an error 6(T ) propagated by the un

certainty, 6(T) in the target thickness. The graph in Fig. 13 shows how 

6(t̂ ) is obtained for the measurements on the 3.lU-MeV state in Si31. 
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The error, &(TSp)» the mean life due to the systematic uncer-

tainties in the calculated stopping powers. There is some evidence that 

29 stopping powers calculated from the theory of Lindhard et al. ' may dis-

27 agree with the measured values by 10 to 20$. However, the information 

is not conclusive and the calculated stopping powers have been used in 

the present work. We have assigned ± 20$ systematic uncertainties to 

the calculated values in the following manner, 

(S)n = f„ (Si (38) 
calc 

and 

= fe Mx/e (iX . <®) 
calc 

07 /5E\ where f and f are constants equal to 1.0 ± 0.2 and i—) and n e \ax/n , calc 
vdx/e are tile calculated nuclear and electronic stopping powers, re-

calc 
spectively. 

Since we are treating these as systematic errors, the error, 

6(T ), in the mean life due to the systematic errors in the calculated 

stopping powers may be expressed as 

6(Tsp) = 6(Te) + 6(Tn>  ̂

where &(T ) and 6(T ) are the errors in the mean life induced by the e n 
errors in the calculated electronic and nuclear stopping powers, respec

tively. Equation (40) states that the errors 6(Te) 6(Tn) are 
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additive. Thus, we have calculated the F vs. T curves for various com

binations of f = 1.0 ± 0.2 and f = 1.0 ± 0.2. The curves yielding the e n 

largest variance from the curve calculated for f = f = 1.0 were used e n 

to determine MTSp)» In the present experiments values of fe = f̂  = 1.2 

and f = f = 0.8 yielded the largest difference from the f = f = 1.0 
en en 

curve. The graph in Fig. 1*1 shows how 6(t ) is obtained for the meas-sp 

urements on the 3.1̂ -MeV state in Si31. 

Finally, the total error 6(T) in the mean life due to all of the 

sources of error that have been considered here, (6(T̂ ,), 6(T̂ )y and 

6<V>is 

6(T) = 6(TRA) + 6(T3P) (UL) 

where 

'(TRA) = { [6(TF)]A + [6(TJ)]" F (1.2) 

Equations (Ul) and (42) state that the total error 6(T) is obtained from 

the simple addition of the systematic error ̂ (TSp) due to the systematic 

error in the stopping powers to the statistical error 6(T) due to the 
I? 1 

random errors in and the target thickness T. 



CHAPTER IV 

RESULTS 

29 3I The results of the Si and Si investigations will be pre

sented in the following sections. A tabulated summary of these results 

may be found in Tables I through IV. 

Full-Shift Measurements 

In all of the measurements reported here the unattenuated Dop-

pler shift, the denominator of Eq. (l8), is calculated as described in 

Appendix A. Since these calculations are crucial to the method, an ex

tensive series of tests to check them has been made. This was done by 

measuring the Doppler shift of gamma rays from the ̂ .93-MeV state in 

Si29. The mean life of this state, measured by resonance fluorescence 

—is ^7 
methods, is l.l6 ± 0.19 x 10 sec. This is short compared to the 

slowing down times of any material and the Doppler shift of gamma rays 

emitted from this state is therefore unattenuated. This Doppler shift 

was measured for a variety of target configurations, and the ratios of 

some measured to calculated shifts are shown in Table I. These measure

ments were made at various times with different detectors, targets, and 

vacuum chambers over the period of more than a year. From the value of 

F = 0.996 ± 0.003 obtained from all of these measurements, it has been 

concluded that the measured and calculated full-shifts agree very well 

considering uncertainties in the geometrical arrangement of the experi

ments. 

31 
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31 Mean Lives and Excitation Energies in Si 

Doppler shifts have been measured for the states in Si31 at 0.75, 

I.69, 2.32, 3.1U and 3.53 MeV. Spectra typical of those from which Dop

pler shifts were obtained are shown in Fig. 15. Results of these meas

urements are presented in Table II. Column 3 of that table gives 

calculated average initial speeds of the recoiling nuclei. Column U is 

the measured difference in average energies of y rays emitted at about 

30° and 150° with respect to the recoiling nuclei. On the basis of the 

results presented in the Full-Shift Measurements section, we have as

signed a 1% uncertainty to the calculation of the unattenuated Doppler 

shift. The experimental results in Table II are statistical averages of 

several measurements of each Doppler shift. Errors in column 6 only in

clude the statistical errors in the target thickness and Fex̂ ., whereas, 

column 7 also includes a 20$ systematic error assigned to the calculated 

electronic and nuclear stopping powers. 

The mean life limits for the 2.32- and 3.53-MeV states were de

termined from attenuation factors which were two standard deviations 

away from our measured values. A value of 752 ± 0.6 keV was determined 

for the Y-ray energy of the 0.75 "* 0-MeV transition and hence for the 

excitation energy of the first excited state in Si31. 

29 Mean Lives and Branching Ratios of Excited States in Si 

Doppler shifts have been measured for gamma rays from states in 

Si"" at 1.27 , 2.03 , 2.1*3, 3.07, 3.62, ̂ .08, and U.8U MeV. Spectra typi

cal of those from which the Doppler shifts were obtained are shown in 

Figs. 16 and 17. All of the measurements on Si29 were made with a 



teo iig/cm3 natural silicon target on a thick copper backing. A summary 

of these results is presented in Table III. Column 2 of that table 

gives calculated average initial speeds of the recoiling nuclei, and 

column 3 the measured difference in average energies of gamma rays emit

ted at about 0° and 150° to those nuclei. 

As mentioned previously, several measurements were made for each 

state, and the restilts in Table III are statistical averages of these 

measurements. The errors in the values of the mean lives quoted in col

umn 5 only include the statistical errors in the target thickness and 

li'expt' whereas column 7 also includes a 20> systematic uncertainty as

signed to the calculated electronic and nuclear stopping powers. In 

ia/ole IV the mean life results are compared with those obtained previ

ously. 

The values of the measured Doppler shifts of Y rays from the 

2.1*3- and 3.07-MeV states were not significantly different from those 

calculated for the unattenuated Doppler shifts of these transitions. 

Therefore, only upper limits could be assigned to the mean lives of 

these states. The limits were obtained from F . values of 0.918 and expt 

0.867 for the states at 2.̂ 3 and 3.07 MeV, respectively. These values 

are two standard deviations away from our measured Fex̂ _. 

A measurement of the Doppler shift of the U.8U-MeV state was ob

tained during the measurements on the 93-MeV state. Since the U.8U-

MeV ground state transition was fully shifted, we can only determine an 

upper limit for the mean life of this state. In addition, we obtained 

some information concerning the decay schemes of these states and the 

state at U.89 MeV. The information can be summarized as follows: 



1. The U.8U-MeV state decays mainly to ground, but appears to 

have a small branch to the state at 2.̂ 3 MeV. 

2. The 4.89-MeV state decays mainly to the first excited state. 

3. The 93-MeV state decays mainly to ground, but has a small 

branch to the 2.03-MeV state. 



CHAPTER V 

DISCUSSION OF RESULTS 

As mentioned in the Introduction, a measurement of the mean life 

of a nuclear state yields information concerning the electromagnetic 

matrix elements connecting the states in the transition. This can be 

seen by considering the following relationships among those matrix ele

ments, the mean life and branching ratio of a nuclear state, and the 

multipole mixtures of electromagnetic radiation emitted in the decay of 

tV.t state. If we restrict ourselves to states whose only decay mode is 

"Y-ray emission, a measurement of the mean life of the state is equiva

lent to a measurement of the total transition probability for the level. 

That is, 

T = | (43) 

and 

T = T + T. + T + . . . , (U4) 
o 1 2 

where Tq, T^, and Tg are the transition probabilities for "Y-ray emission 

from the state of interest to the ground, first, and second excited 

states, respectively. 

Since a transition may have more than one allowed multipole or

der,̂  L, where L is the angular momentum (in units of ft) carried off by 

35 
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each quantum, we have 

T. = ST. (CTL) (1*5) 
1 L 1 

for i = 0, 1, 2, etc. In Eq. (̂ 5) (aL) is the transition probability 

for 2̂ -pole electromagnetic radiation and is classified into two possi

ble classes for each multipole order: electric 2̂ -pole (EL) or magnetic 

2̂ -pole (ML), which differ with respect to parity. The conservation of 

angular momentum and parity for the system of nucleus plus y rays im

poses selection rules on the possible multipolarities of a Y transition 

between two states of specified angular momenta (ĵ , Ĵ ) and parities 

(V V;1 

1^ - Jf| £ L £ J± + Jf (1»6) 

tî  = (- l)1, for EL radiation (U7a) 

= (- l)1*1 for ML radiation (kjb) 

Since the transition probability for y radiation decreases rapidly with 

1 2 increasing multipole order, ® the transitions usually proceed by the 

lowest allowed multipole order (L = |Ĵ  - Ĵ |) or possibly by a mixture 

of the lowest two allowed multipole orders. The expressions relating 

the multipole mixing ratio and the transition probability to a state i 

are 



T. 1 
= (aL) (1 + x.3) 
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and 

3 
T± (a, L + l) 

(*» x. 
I T. (crL) 

where we have only considered the lowest two allowed multipole orders. 

Thus, if the mean life and branching ratio of a nuclear state 

and the multipole mixture of electromagnetic radiation emitted in the 

decay of that state are known, one can combine these values to yield in

formation concerning the (aL) and hence information concerning the 

reduced matrix elements IL (aL) for each multipole order in each of 

these transitions. The IL \aL; md the transition probabilities (aL) 

2 are related by the expression 

Planck's constant in units of eV-sec, and c is the speed of light in 

units of cm/sec. Finally, the reduced matrix elements which are the di

rect product of the experiments described herein are given in terms of 

the multipole operator and the wave functions of the initial and final 

states in the transition as 

(50) 

where Ê  is the energy of the Y-ray transition in units of eV, h is 

/ 

(51) 
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where <J\ and are the total angular momenta, t<L and M̂ , are their pro

jections along the z-axis fixed in space, and and are the addi

tional quantum numbers for the initial and final states, respectively. 

In Eq.. (51), Q̂ (cr) is the operator for multipole radiation of order L 

and type cr. From the conservation of momentum about the z-axis, we 

have"*" 

M = M± - Mf (52) 

The general operators for magnetic dipole, Ml, and electric quadrupole, 

E2, radiation used in the following discussion are well known, and are 

given in Refs. 3»  ̂and 8. 

We will compare our experimentally determined reduced matrix 

element, B̂ (aL), to those calculated by the following nuclear models: 

(a) the extreme single-particle model or Weisskqpf estimates; (b) the 

Q 
shell model Ml transition rate estimates calculated from wavefunctions 

12 determined by Glaudemans et al. and (c) the rotational collective mod-

3-7 el. A brief description of each of these models is presented below. 

The Extreme Single-Particle Model 

In order to calculate the probability for electric (2)̂ -pole 

transitions in the extreme single-particle model, one assumes that a 

single proton of spin = L + is makes a jump to a final state of zero 

orbital angular momentum, and of spin = •§. One also assumes that the 

radial wavefunctions for the initial and final states are constant over 

the extent of the nucleus. The transition probabilities for magnetic 
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2̂ -pole radiation are conventionally obtained by multiplying the corre

sponding electric 2̂ -pole estimate by an inhibition factor which is the 

same for all multipole orders. 

These calculations are intended to give only a crude estimate of 

the reduced matrix elements B (oX) in Eq. (51). However, these esti

mates should allow the physicist to make a more meaningful comparison of 

reduced transition probabilities measured in one nucleus with those ob-
<3p 

tained for another nucleus. Indeed, D. H. Wilkinson reviewed the 

available data on the El, Ml, and E2 reduced matrix elements measured in 

light (A < 20) nuclei, and plotted a histogram of the |M(aL)j2 values 

for these transitions. The quantity |M(aL)|2 is defined by the expres

sion 

2 Texnt(aL) Bevnt(aL) 
iM(aL)i 5 -f&j- - -f&j- <»> 

op 
where B̂  is the Weisskopf extreme single-particle estimate. These 

histograms will be referred to in the following discussions of the re-

3® 31 suits of the measurements on Si and Si 

The Shell Model with Configuration Mixing 

11 12 2a Glaudemans et al. ' have used an inert Si core and consid

ered intermediate coupling with configuration mixing in the 2s 1 - Id, 
t i 

shells in order to determine shell model wavefunctions for nuclei be

tween Si29 and Ca40. Wiechers and Brussaard̂  have used these wavefunc

tions to calculate Ml transition probabilities among the low-lying lev

els of some of these nuclei. Included in these results is the Ml rate 
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for the 1.27 "* 0-MeV transition in Si39. This transition was found to 

39 be strictly forbidden since it violated the AjJ = 0 selection rule for 

Ml transitions. 

In addition we have used the expressions of Wiechers and Brus-
g 

saard for the reduced matrix elements for Ml transitions in this model 

to calculate the Ml transition probabilities for the 0.75 0-MeV and 

I.69 "* 0-MeV transitions in Si31. 

The Nilsson Rotational Model 

l6 1.3 Bromley et al. and Webb et al. have used the strong-coupling 

Hilsson rotational model to describe the low-lying states in Si29 and 

Si31, respectively. The leveD* of the Nilsson rotational model are 

grouped into rotational bands each based on an intrinsic single-particle 

state calculated for a deformed nuclear potential. That is, in an even-

odd nucleus there is a single particle outside of a rotating and perma

nently deformed even-even core. In addition, this deformation is 

assumed to be cylindrically symmetric. The quantum number K is the same 

for all of the members of one band where K is simply the projection of 

the total angular momentum J along the nuclear symmetry axis. 

One of the major features of this model rests on its ability to 

account for the collective behavior in nuclei as evidenced by the obser

vations of large electric quadrupole amplitudes in Y-ray transitions. 

Transitions within a rotational band are called intraband transitions 

and those between bands are called interband transitions. The interband 

transitions are single particle in character whereas the intraband tran

sitions result from collective behavior such as large E2 amplitudes. 
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A complete discussion of the rotational aspects of this model can be 

found in each of Refs. 3> 5> and 6. 

Since we will be making an extensive comparison of our results 

with those predicted by the Nilsson rotational model, we will define 

some of the terms which will be used frequently in this comparison. The 

reduced matrix element for E2 radiation in the intraband transition from 
c 

a state JK - J'K' and K* = K, is 

B (E2 : JK - J'K) = e3 Qq2 <J 2 K 0| J 2 J'K>3 , (5̂ ) 

where Qq is the intrinsic quadrupole moment of the nucleus including the 

contribution from the odd particle, and ( | ) is a Clebsch-Gordan coef-

ljQ 
ficient. Therefore, we can obtain an estimate of |Qq| from our exper

imentally-determined value for an intraband B(E2). In addition, we can 

relate the intrinsic quadrupole moment to the nuclear shapes in the fol

lowing manner.̂  The surface of a spheroidal nucleus may be described by 

R = Rq (1 + 0 ̂ 20(cos 0)) • (55) 

3 The deformation parameter P is 

*  - i f i  %  < * >  

where Rq is the mean radius and AR is the difference between the major 

and minor semi-axes. If we assume that the spheroidal shape is 
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uniformly charged, the intrinsic quadrupole moment is related to the de

formation P, to first order in P, aŝ  

«O = 7T ! V ' (57) 
/5™ 

Nilsson used the parameters TJ and 6 to characterize the deformation. 

These may be expressed aŝ  

6 - - 0.95 P (58) 

and 

H - £ (59) 

where K is the spin-orbit coupling parameter which has a value of » 0.1 

for the 2s - Id shell. From Eq. (58) we speak of the nucleus as 

having an oblate deformation if 6 is negative and a prolate shape if 6 

is positive. 

In order to calculate the Ml transition rates for a single par

ticle coupled to a deformed core, we need to calculate the off-diagonal 

In 
matrix elements of the operator 

M- = R + gff 1 + gc s (60) 

where R is the singular momentum of the core, & and s are the orbital 
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angular momentum and spin of the particle outside of the core, and J = 

R + !> + s. In Eq. (60) is the gyromagnetic ratio of the core and ĝ  

k and gs are the gyromagnetic ratios for the particle. We have used 

D/+ 5.5Q5\ /protons \ 
and gs = L 3,826/ for NeutronsJ' The magnitude of the core 

gyromagnetic ratio is conventionally estimated by assuming that we have 

a spherical, even-even nucleus which is uniformly charged and spinning, 

U-2. Z then |J. = ĝ  R in nuclear magnitons and ĝ  = ̂  , where Z, and A axe the 

atomic and mass numbers of the nucleus, respectively. 

With these remarks in mind, we will discuss the results of meas

urements on the states in Si29 and Si31. 

31 Measurements on Si 

We used the following values of the Nilsson rotational-model 

l8 parameters suggested by Webb et al. to calculate the reduced matrix 

elements for magnetic dipole (Ml) and electric quadrupole (E2) transi

tions: (a) the deformation parameter T| = . 2; (b) the core gyromagnetic 

ratio ĝ  = 0.35; (c) the spin-orbit coupling parameter K = 0.10; and 

hence (d) 6 =* T| H. = - 0.20. The shell model estimates for the reduced 

matrix elements for Ml transitions were calculated from the expressions 

for B(Ml) in Ref. 8, and from the wavefunctions tabulated in Ref. 12. 

TT 1+ 
The 0.75-MeV state; J = 2 

12 The shell model wavefunction for this state is 

.+ + 

** (0.75-MeV) = [s, ] [ d 
3 ] *+ . (61) 

8 £ 20 

That is, the 0.75-MeV state is a product wavefunction of one particle in 
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the s1 shell and two particles in the d, shell. Furthermore, the two d 
£ i f 

particles couple their spins to make a total spin of 0 for the pair 

which in turn gets coupled to the i spin of the s, particle to make the 
f 

2_ 2Q total spin of the state J = ~g. The wavefunction for the inert Si core 

is not included in Eq. (6l). Similarly, the ground-state wavefunction 

of Si31 is12 

3+ ^  n 3+ 

1* (O-Mev) = -(0 . 8 71)* [s "] • [a T + (o.ce?)4 M , ks]*. 
"8  ̂-J « jj 2 2 

- (o.ice)̂  [dAa J. (62) 
* z 

The only Ml transition from the 0.75-MeV state which satisfies 

39 the AJ& = 0 selection rule for Ml transitions, * is the transition to the 

2.7$ admixture of | S-l j . ["d̂ 2 p in the ground-state wavefunction. Us-*— o"-ijv* L £ J + 
8 ing the wavefunctions in Eqs. (6l) and (62), Weichers and Brussaard 

calculated the Ml transition rate between these two states and found it 

to be negligibly small. 

In the collective model the 0.75 0-MeV transition is a single-

particle, interband transition between the k" = and k" = f,+ band 

heads (i.e., between Nilsson orbits** 9 a-nd 8, respectively) in the Nils-

son-model picture of Si31 as described by Webb et al.̂  Since AK = 1 

satisfies the AK ̂  L selection rulê  for 2̂ -pole radiation, and 

= + 1, this transition is allowed to have a magnetic dipole com

ponent . 



The present measurement of the mean life of this state permits a 

check of these predictions. Since the multipole mixture of the 

0.75 "* 0-MeV transition is not known, we will assume it is pure Ml. 

With this assumption, and using our measurement of the mean life of this 

state, we may calculate the reduced matrix element for this transition 

and compare it to the estimates of the extreme single-particle model, 

B̂ , the shell model, and the Nilsson rotational model. The results of 

these comparisons aire 

Vtfr1 : °-75 °-MeV> . 1P + 0.06 
Bjj (Ml : 0.75 - 0-MeV) ~ - 0.03 

Bexpt̂ M1 ; 0,75 "* °-MeV) 
Bsm (Ml : 0.75 "* 0-MeV) 

Bexpt(M1 : 0,75 "* °~MeV) 

= forbidden 

• . . — Q QI4. + 0.50 
Bjuj (Ml : 0.75 - 0-MeV) - 0.23 

The Nilsson model estimate is in excellent agreement with the experimen

tal value. However, the 0.75 "* 0-MeV transition is forbidden in the 

shell model description of Si31. Although the transition from the 0.75-

MeV state (Eq. (6l)) to the 2.7$ admixture of |̂ s1 j + {̂ d3sJg'+ in the 
2 | ~ 2 

ground state wavefunction (Eq.. (62)) satisfies the AA = 0 selection 
Q 

rulej it does not obey the angular momentum selection rule for dipole 

transitions, i.e., |0-2| ̂ 1̂ 0 + 2 is not satisfied. In addition, 
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a B t(M1) 
D. H. Wilkinson concluded that an |M(Ml)| = • — « 0.15 is the 

w 
expected a priori value for magnetic dipole transitions in light (A < 20) 

, . 38 nuclei. 

TT j. 
The 1.69-MeV state; J = •§ 

The 1.69-MeV (J17 = f+, K = 1) - 0-MeV (j" = j+, K = f) transi

tion. Webb et al.̂  determined two possible values for the E2/M1 multi-

pole mixture in this transition, 4.70 ± 1.00 and (0.U9 ± 0.10). The 

larger value was much more probable, although the 0.̂ 9 ̂  0.10 value 

could not be entirely ruled out.Webb et. al.̂  were also quite suc

cessful in using a Nilsson-model interpretation of Si31 to calculate the 

large E2/M1 mixing ratio indicated by the 4.70 ± 1.00 value. In addi

tion to predicting the usual enhancement of the E2 amplitude in this 

intraband transition, the Nilsson-model calculations also suggest the Ml 

id component of this transition is inhibited. The shell model also pre

dicts an inhibition of this magnetic dipole transition rate. The shell 

12 model wavefunction for this state is 

v (1.69-Mev) = [Sil. [V? (63) 
L * v 

Therefore, the only Ml transition to the ground state which satisfies 
•3Q 

the A£ = 0 selection rule y is the transition to the 2.7%> admixture of 

^s iJ i  {^d^ 2in the ground-state wavefunction. 
 ̂a 2 2+ 

Again, our measurement of the mean life of this state, together 

with the previously measured values for the branching ratio and 



multipole mixture of this transition completely determines the reduced 

matrix elements for Ml and E2 radiation in the transitions from this 

state, thereby permitting a check of the theoretical predictions. The 

results of the comparison of the experimentally-determined reduced mat

rix elements and those predicted by the models are as follows: (a) for 

magnetic dipole radiation, we obtain 

Bexpt(M1 : 1,69 °"MeV) 

Bw (Ml : 1.69 - O-MeV) 
(It + |) x 10"* 

Bexpt(M1 : 1"69 " 0_MeV) 
BgM (Ml : 1.69 -* 0-MeV) 

= 0.71 + O.UQ 
- 0.33 

Bexpt(M1 : 1*69 "* °~MeV) 

(Ml : I.69 - 0-MeV) 
= 3 + 2 

and (b), for the electric quadrupole intensity, we have 

"expt̂  : ̂  - °"MeV> „ + 6 
EL (E2 : 1.69 " 0-MeV) " - 3 

: 1>69 " °"MeV) „ „ +1.0 
(£2 : 1.69 - 0-MeV) ~ - 0.5 

Both the Nilsson-Model and the shell-model predictions are in good 

agreement with the measured values for the reduced matrix elements for 
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both E2 and Ml radiation. In addition, the |M(Ml)|3 value indicates 
qO 

that this transition is in the range of inhibited Ml transitions. 

As mentioned previously, instead of using the Nilsson model to 

predict the magnitudes of the reduced matrix elements, we may assume the 

validity of this model and use the measured values of these matrix ele

ments to obtain information concerning the nuclear shape. Using Eq.(5*0 

and BeXpt(E2 : 1.69 0-MeV) = (7 * g) x 10~51 e3 cm4, we obtain 

Hoi - barns 

3X for the magnitude of the intrinsic quadrupole moment of Si . If we use 

this value in Eq. (57) > we obtain a value of |(3| = 0.30 * Q'QU for 

3 X deformation parameter of Si . Calculations in which fi is deduced by 

minimizing the total energy summed over all Nilsson orbits give a result 

of*3 f3 = - 0.38 for the deformation of Si31. If a value of H = 0.3.0 is 

used for the spin-orbit coupling strength, the value of the deformation 

parameter, 0, corresponds (Eqs. (58) and (59)) "to the following value of 

the Nilsson-model deformation parameter, 11: |D| =2.8 * . This 

value is in good agreement with the T| = - 2 value suggested by Webb et 

al.18 

The 1.69-MeV (J* = f+, K = f) - 0.75-MeV (j" = h+, K = £) tran-

kk 
sition. If the band-mixed Nilsson wavefunctions determined by Webb et 

18 al. are used to calculate the expected branching of the 1.69-MeV state 

If5 
the results are 0.997 and 0.003 for the branches to the ground state 

and first excited state, respectively. The value of 0.003 is not in 
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good agreement with the measured 0.0U ± 0.02 branch, but it is within 

two standard deviations of this branch. 

The 3.1̂ -MeV state; J™ = 1" 

The M2/E1 mixing ratio for the 3.1̂ -MeV (J™ = , K = t) 1.69-

MeV (j" = f+, K = i) transition iŝ  x = 0.11 ± 0.10. This multipole 

mixture and our value for the mean life of this state yield 

|M(EI)|3 « (6 + |) x 10"4. 

a 38 This |M| value is in the range of inhibited El transitions. Since 

Ak = 2, this inhibition could be evidence of the AK ̂  1 selection rulê  

for dipole transitions. However, the 3-1̂  1.69-MeV transition is a 

complicated one, involving the rearrangement of at least two particles, 

so that this transition would be expected to be slow, even from a shell-

model viewpoint. 

The 3-53-MeV state; j" = |" 

If we assume the 3-53-MeV (J™ = f") 0.75-MeV (J™ = i+) train-

—14 sition is pure El, then our upper limit of 3 x 10 sec for the mean 

life of this state leads to |M(El)|a > 0.001, suggesting that this is a 

single-particle transition, unlike the 3.1̂  1.69-MeV transition. In 

addition, there is a strong I - 1 stripping pattern to this state in the 

,. -.30/, «„.31 reaction Si (d,p)Si , ' indicating that this level can be described 

30 as a single particle coupled to the Si ground state. 

From the Si30(djt)Si29 and Si3° (He3,ar)Si29 pick-up reactions 

1|Q 30 
Dehnhard and Yntema concluded that the ground state of Si is a 
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a mixture of about 50$ and 50$ £d33 J . The shell model wave-
8 0 2 o 

30 function for the ground state of Si is in reasonable agreement with 

12 their conclusions. This wavefunction is given as 

+̂(Si30 : 0-MeV) = - (0.726)̂  [s al + (0.27*0̂  fd32"| (6̂ ) 
L 3 o 2 V 

Therefore, from the stripping and pick-up results, we might expect the 

shell model wavefunction for the 3.53-MeV state to be similar to the 

wavefunction composed of a single p3 neutron coupled to the ground state 
¥ 

of Si30. This can be expressed as 

3.-

1* (3.53-MeV) = a [s a] t [p J. • b [d/] + [p, (65) 
®0 * ~Z 2 0 2 2 

where |a|3 + |b|2 = 1. 

If we use Eq. (65) for the shell model wavefunction of the 3.53-

MeV state, it is possible to have single-particle El transitions from 

this state to the states at 0.75 and 0 MeV. In these transitions the un

paired neutron would jump from the p, single-particle state to the s1 
? t 

and d3 states for the transitions to the 0.75- and 0-MeV states, respec-
I 

tively. That is, the 3.53 0.75-MeV transition would be between the 

[d3]+ [p3J_ configuration of i1 (3.53-MeV) (Eq. (65)) and the [d*] 
o+ 2 f* 2 0+ 

r —ji,"+ 1+ 
LŜ _T+ configuration of Y (0.75-MeV) (Eq. 6l)), whereas the 3-53 "* 0-

transition would be between the £s,3J + LP3J- configuration of 
13. 

MeV 
3.— 2 Q JJ -J" 

(3.53-MeV) (Eq. (65)) and the 
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3+ 3 + 

[.•] £d3J configuration of (O-MeV) (Eq.. (62)). In addition, 
* o+ 2 T 2L . 

since T(L) 06 (Ê ) (Eq. (50)), the ground-state branch would be en

ergetically favored over the branch to the 0.75-MeV state. Therefore, 

the absence of the 3.53 "* 0-MeV transition together with our result that 

the 3-53 0.75-MeV transition is probably a single-particle transition, 

indicate the wavefunction for the 3.53-MeV state is 

_ 3-

 ̂(3.53-MeV) « [d/] [p3 f . (66) 
2 o+ £ 2 

Finally, we did not see any evidence for a doublet at 0.75 MeV 

in the gamma-ray decay spectrum for the 3-53-MeV state. Thv -.3 evi

dence that the branch to the state at 2.79 MeV does not exist, in agree-

19 ment with the results of Webb et al. However, the energy difference 

between the 3-53- and 2.79-MeV states is 7̂ 5 * 6 keV̂  which overlaps 

our -value of 752.0 ± 0.6 keV for the excitation energy of the 0.75-MeV 

state. Therefore, we might not have been able to resolve the 0.75-MeV 

Y rays originating in the 3.53 "* 2.79-MeV transition from those in the 

3.53 0.75 "* 0-MeV transition. The results of cross section measure

ments for the formation of the 2.79-MeV statê '̂  by Si3°(d,p)Si31 in

dicate a complicated structure for this state. Since we found the 3.53-

MeV state to be short-lived, it seems unlikely that a branch to the 

complicated state at 2.79 MeV would exist. 

The 2.32-MeV (J* = f-+) and 2.79-MeV (J™ = f+) states 

In the present experiment the yield from these states was very 

low. Consequently, we have only a poor upper limit for the mean life of 



the 2.32-MeV state and no measurement on the state at 2.79 MeV. 

Measurements on Si29 

Bromley et al.̂  and Macfarlane and French"̂  have pointed out 

39 that the properties of states in Si are difficult to extract from a 

Nilsson-rotational model except, perhaps, from detailed calculations in 

kk 1 3 which the mixing of K = s and K = f "bands are considered. However, 

if, as suggested by Bromley et al. this mixing is small, some simple 

comparisons can be made between measured and calculated transition 

rates. The following values of the Nilsson-model parameters were used 

to calculate the reduced matrix elements for magnetic dipole and elec

tric quadrupole transitions: (a) oblate deformation with 6 - - 0.15 as 

l6 suggested by Bromley et al.; (b) a core gyromagnetic ratio 

z 
 ̂A " a va,lue of H c 0.075 for the spin-orbit coupling 

parameter (Bromley et al. used k = 0.05); and hence (d) T| « — = _ 2 

(Bromley et al.1̂  used T) = - 3). 

The 2.03-MeV state; J™ = -f+ 

The 2.03-MeV (j" = |+, K = &) - 0-MeV (j" = §+, K = I) transi

tion. This is a pure E2, intraband transition. From our value of the 

22 mean life and the branching ratio of the 2.03-MeV level, a value of 

B(E2) t s (lfl ± 3) x 10~51 e2 cm4 is obtained. From this we calculate 

the intrinsic quadrupole moment of Si29, using Eq. (5̂ ), with the result 

IQI = 0.57 ± 0.05 barns 1 0'e.29 
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A similar quantity can be calculated for Si2a, usinĝ '̂  B(E2: 0+ "* 2+) 

and is 
I 

|Q I = 0.60 ± 0.02 barns . 
I ol-.aa 

Sx 

29 The ratio of the magnitude of the intrinsic quadrupole moment of Si , 

obtained from the -§+ ,f+ transition, and that of Si28 is 0.95 ± 0.10, 

29 indicating that the magnitude of the deformation of Si is approximate-

28 1 ly equal to that of Si as suggested by Bromley et al. From our val

ue of |Qq|, using Eqs, (57) and (58), we obtain a value of |P| = 0.39 ± 

0.03 or | 61 = 0.37 ̂  0.03 for the deformation of Si39. Calculations in 

which {3 is deduced by minimizing the total energy summed over all 

) | O 29 « 
Nilsson orbits give a result for Si of 0 « - 0.4. The comparison of 

the measured B(E2) and those predicted by the models are 

and 

: 2.03 0-MeV) 
exP^ _ 11 ± O 
B̂  (E2 : 2.03 - 0-MeV) 

x̂pt*12 : 2-03 - °-MeV> „ , , 
8̂ (132 : 2.03 - 0-MeV) 

The value of 0.37 for j 61 is two and one-half times larger than 

the value of 6 = - 0.15 suggested by Bromley et al.̂  However, Bromley 

et al.̂  calculated the properties of Si29 as a function of T\ and then 



plotted the calculated values vs. 6, using 6 « T} K and K = 0.05 to con

vert the 1] values into 6 values. Therefore, if a value of 0.10 is used 

for the spin-orbit coupling strength, as was the case1® for Si31, the 

conclusions of Bromley et al.1̂  become 6 « - 0.30 in agreement with our 

experimental value. 

The 2.03-MeV (j" = f+, K = I) - 1.27-MeV (j" = K = j) tran-

22 sition. The branching ratio and our value for the mean life of this 

state, together with the measured value of - 0.09 ± 0.18 for the E2/M1 

22 multipole mixture of this interband transition, completely determine 

the E2 and Ml reduced matrix elements for this transition. The Nilsson 

model predictions for these matrix elements are in good agreement with 

the measured values as the following comparisons demonstrate, (a) 

13 . (Ml : 2.03 - 1.27-MeV) 
6XJ)T/ .| )t l r\ £ 

(Ml : 2.03 - 1.27-MeV) = °'b 

and (b) 

Bexpt̂  : 2.03 - 1.27-MeV) 68 

(E2 : 2.03 - 1.27-MeV) ~ 9  -  9 

The 1.27-MeV state; J™ = f+ 

Our value of the mean life of this state and the E2/M1 mixing 

ratio of the 1.27 -* 0-MeV transition2^ result in a B(E2: 0 1.27-MeV) t 

= (5.6 i 2.0) x 10 51 e2 cm4, in good agreement with a previous measure

ment̂  of (5.2 ± 1.0) x 10 51 e2 cm4. Since this is presumably an 
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interband transition (K = K, or7 = 2), it is surprising that its 

B(E2) is comparable to that of the 0 2.03-MeV intraband transition. 

This is reflected in the comparison 

"expt̂  0 " 1-27-HeV)  ̂̂ 
B-, (E2: 0 - 1.27-MeV) 

2J& I4J4. 
Furthermore, any reasonable amount of K-mixing ' in the 1.27-MeV 

state will not remove this discrepancy, since the ground state is a pure 

K - 2 state. The J = § ground state must be pure K = i?, since only 

Ml 1 states with the same spin can have their K values mixed and no spin 2 

state is possible in bands with K > g. The measured value of the Ml re

duced matrix element in the 1.27 O-MeV transition is in good agreement 

with that calculated by the Nilsson model. The comparison of these two 

values is 

BOTt(ta:L̂  - O-MeV) + 015 

(Ml: 1.27 - O-MeV) - 0.13 

29 8 In the shell model picture of Si this transition is forbidden since 

39 it violates the AJJ = 0 selection rule for Ml transitions. ̂  

The 2.1+3-MeV (J™ = f+) and 3.07-MeV (j" = f+) states 

The full Doppler shift was measured for y rays emitted from each 

of these states. Consequently, only upper limits on the mean lives of 

these states were determined. Not much can be said about these states 

from our results. 
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The l*.08-MeV state; j" = ? 

As discussed in the previous section we did not observe an at

tenuation of the Doppler shifts of the Y rays in the 2.̂ 3- and 1.79-MeV 

Ml transitions from the states at 2.k3 and 3.07 MeV, respectively. How

ever, we measured an attenuated Doppler shift for the 2.8-MeV Y rays in 

the U.08-MeV (j" = ?) ~* 1.28-MeV (J11 = -§-+) transition. These data imply 

that this transition is at least partially an E2 transition, because if 

it were pure Ml, its mean life would most likely be too short for us to 

measure. The results of Y-ray angular correlation measurements on the 

Y rays emitted by the U.08-MeV state allovr spin assignments of J = -f, f, 

7 9 3 22 S, *2 with the J = f value somewhat less likely. If we assume that the 

U.08-MeV state is J1 = J+, then the U.08 1.27-MeV transition is pure 

22 E2, and from the branching ratio and our value of the mean life, we 

obtain a value of B(E2: 1.27 - U.08-MeV) t = (8 ± 3) x 10"sl e2 cm4. 

The reasonable agreement between this and other B(E2)*s in Si29 is an 

indication that this transition is pure E2, and that the spin and parity 

of the l+.08-MeV level are in fact |"+. If we also assume that this state 

is in the K = § rotational band, the ̂ +.08 1.27-MeV is an intraband 

transition similar to the ground state transition from the 2.03-MeV 

state. Thus, the B(E2) value for the U.08 1.27-MeV transition, using 

Eqs. (5*0, (57) and (58), yields |Qq[ = 0.52 * and |6| - 0.3̂  * 

in excellent agreement with the values obtained from the B(E2: 2.03 

0-MeV) for the 2.03-MeV state. 

The H.08-MeV (/ = i+, K = f) - 2.03-MeV (J™ = |+, K = i) inter-

band transition is also consistent with the 2.03 1.27-MeV interband 
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transition since 

B ..(Ml: U.08 - 2.03-MeV) 

B̂ (M1: 4.08 - 2.03-MeV) = 0,lt8 * °*16 

Thus, our mean life is quite consistent with the Nilsson model if we as-

TT 7+ 3 sume J =2 and K = ~z. 

51 In addition, Ejiri et al., conclude that the 4.08-MeV level in 

29 29 7"f* P , the mirror nucleus of Si , is probably a state. They also 

74. quote a radiation width for that level, based on the 2 assignment of 

2.0 ± 0.7 x 10~3 eV. This is a factor of five less than the radiative 

width of the 4.08-level in Si29 deduced from our mean-life measurements. 

The 3.62-MeV state; J7 = ~k~ 

From the M2/E1 multipole mixture of the 3.62-MeV (j" = 1", K = 1) 

2.03-MeV (j™ = -§+, K = 2) transition,̂  the branching rat 10̂  and our 

value of the mean life of this state, we obtain |M(El)|2 =" (5 + g)x 10~5. 

a 38 This |M| value is in the range of inhibited El transitions and could 

be evidence for the operation of a selection rule inhibiting dipole 

transitions when Ale > 1.̂  However, as in the case of the decay of the 

3.1̂ -MeV state in Si31, the transition is a complicated one, involving 

the rearrangement of at least two particles. Therefore, the shell model 

would also predict an inhibition of this El transition rate relative to 

a rate computed for a single-particle transition, making the validity of 

any argument concerning the AK selection rule dubious. 



CHAPTER VI 

SUMMARY AND CONCLUSION 

We are now able, in principle, to measure the Doppler shift of 

Y rays emitted from any nuclear state which may be populated by a nucle

ar reaction of the type X(a,b)Y, where the charged b-particle is detec

ted in a silicon surface-barrier detector. The vast applicability of 

the coincidence version of the Doppler-shift method, its enhancement of 

the signal-to-background rates, and the excellent resolution of the 

Ge(Li) detector provided the motivation for our successful development 

of this technique for measuring lifetimes. In addition, there are many 

instances where the Doppler-shift method is the only way the lifetime of 

a nuclear state can be measured; for example, it is the only method ap

plicable to states whose mean lives are too short to be measured elec-

52 tronically and whose Y-ray branches do not go to the ground state, 

53 thereby ruling out Coulomb excitation or resonance fluorescence meas-

37 urements. 

Since we can accurately calculate the full-Doppler shift (see 

Full-Shift Measurements section of Chapter IV), the only restriction on 

our ability to routinely measure attenuation factors up to values of 

F = 0.90 is the accuracy of our measurement of the attenuated shift. 

Thus we should obtain a value for the mean life of any state whose mean 

life is longer than 5 x 10 14 sec, but shorter than 5 x 10-12 sec. 

58 
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We have used this method to obtain measurements on the Doppler 

29 31 shifts of Y rays from 12 states in Si and Si . From these Doppler 

shifts we have obtained values for the mean lives of 7 of these states. 

We have used these mean lives or lifetime limits, and previously ob

tained values of the branching ratios and multipole mixing ratios, to de

duce the values of the reduced matrix elements of many of the transitions 

among the low-lying levels in these nuclei. Finally, we have compared 

these reduced matrix elements to those predicted by the extreme single-

particle model, the ITilsson rotational model and the shell model with 

configuration mixing. These comparisons are summarized in Tables V and 

VI. 

From the results of Webb et al.̂ 'l̂  and our mean life measure

ments we conclude the Mlsson model provides an excellent description of 

the electromagnetic properties of the 0.75- and 1.69-MeV states in Si31. 

The model seems to be particularly successful with the Ml transitions 

from these states. Our results also indicate a value of |Tj| « 2.8 + 

for the ITilsson deformation parameter in reasonable agreement with the 
•»Q 

"H = - 2 values suggested by Webb et al. 

Our upper limit on the mean life of the 3.53-MeV state in Si31 

and the absence of the 3«53 "* 0™MeV branch indicate that this state is 

predominantly a [d̂ 2] [P3 j*_ configuration. Although the shell mod-
2 o+ 2" a 

el was not very successful in describing the electromagnetic properties 

33» of the 0.75-MeV state in Si , it was successful in predicting the Ml 

intensity of the I.69 - 0.0-MeV transition. In addition, it seemed to 

explain the general electromagnetic properties of the states at 3.1̂  and 

3-53 MeV. 
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In Table VII we have summarized the information concerning the 

deformation of Si29 obtained from the four intraband transitions in this 

nucleus. These results indicate a value of |6| =- 0.35 ± 0.03 is appro-

29 priate for the deformation of Si , and as discussed in Chapter V, these 

results also imply a value of K = 0.10 for the spin-orbit coupling para

meter. 

On the basis of our value for the mean life of the ̂ -.08-MeV 

29 TT *7+ 3 
state in Si , we have suggested values of J =2 and K = z for the 

spin, parity, and rotational quantum numbers of this state. 

Finally, for Si29 and Si31, as for many other nuclei in the 

2s - Id shell, it seems that some transitions are best described by the 

Nilsson rotational model, and some by the shell model. However, this 

situation is not as bad as it seems. The shell model with configuration 

mixing is simply another way of stating that the nuclear state is as

sumed to be a many-particle configuration which is the heart of the 

definition of collective behavior. Thus transitions between these many-

particle states should yield collective effects similar to those pro

duced by the particles on the surface of a rotating nucleus. However, 

limitations of this shell-model approach result from the practical ne

cessity of truncating the Hilbert space. That is, the mathematics of 

the problem become cumbersome as more single-particle states are added 

5̂  to the basis set. Therefore a good deal more work will be required 

before the radiative properties of nuclei in this region of the peri

odic table can be understood. 



APPENDIX A 

THE PULL-SHIFT CALCULATION 

To obtain the mean life of a nuclear state from the measured 

Doppler-shift of Y rays from that state requires that the unattenuated 

Doppler-shift be known. Since in the experiments described above, the 

direction of the recoiling nuclei is fixed by a coincidence measurement, 

this unattenuated, or full, Doppler-shift can be calculated from the 

kinematics of the nuclear reaction. This calculation, including appro

priate averages over the finite dimensions of the particle and Y-ray de

tectors is described below. (Mr. R. L. Hershberger was a full partner 

in the development of the results presented here.) 

The energy of Y rays emitted in a transition between states with 

an energy difference Eq detected at an angle with respect to a recoiling 

nucleus moving with a velocity Vq is 

E_ = E !"l+ i  v • rl , for — < < 1 
Y  o L c o J '  c  

where r is the unit vector along the direction of the emitted Y rays. 

Averaging over allowed Y-ray directions with respect to a given Vq, one 

obtains for a finite Y-ray detector 

<VY = Eo t1 + I \ • <*\] <A1> 

6l 
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where the symbol ( ) indicates the average over all Y-ray directions 

allowed by the Y-ray detector. When a finite-sized-particle detector is 

used to fix the direction of the recoiling nucleus, the Vq in Eq. (Al) 

will have many different magnitudes and directions, and an average over 

these gives the space average of E , (E ) , as 
T I S 

Vs 3 (<VY)p " Eo t1 + I <Vp " <f\] • (A2) 

where the symbol ( indicates the average over all values of Vq al

lowed by the particle detector. A calculation of W ) • (r) follows. 
o p Y 

The geometry of the laboratory coordinate system with the cen

ters of the Y-ray and particle detectors in the y-z plane is xllustrated 

in Fig. 5. To facilitate the integrations which are to follow, r may be 
* A A 

written in a more convenient coordinate system as r « x*i' + y'j' + z'k' 

where the primed coordinate system is chosen so that one can easily de

scribe the limits of the integration. The averaging over the finite Y~ 

ray detector is represented by 

<r> rr Ir ** = <x«> i' + <y'> + <z*> k' (A3) 
Y J P(?) dP Y Y y 

where p(r) is the efficiency function per unit solid angle for the Y-ray 

detector. 

Hote that the calculation of (r)^ may be done for any arbitrary 

Y-ray detector in any convenient coordinate system which has its origin 

at the source of the Y-rays, and that (r)^ contains all the information 
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about the Y-ray detector: (r)̂  is directed toward the effective center 

and |<r)̂ J represents the finiteness of the Y-ray detector. 

Consider now a rectangular Y-ray detector centered on the y' 

axis, (0*, 9') = (G-, TJ) with an extent 

TT TT 
— - Of £  0 '  £ _  +  Q! 
2 max 2 max 

H - B  S tp' i- + B 
2 max Y 2 max 

If 9'̂ ) are "the usual spherical-polar coordinates of any Y-ray 

counted by this rectangular Y-ray detector 

6* =  ̂+ a 0 £ larl £ a 
Y 2 I I max 

f ' y  -

The detector is centered on the y* axis and is assumed to be symmetric 

in or and P. Therefore the x' and z* components of all the r, the direc

tions of the Y rays, average to zero and 

<y*>Y = | J /(0'Y, q>'Y) sin3 e*Y sin cp«Y d0»Y dcp»Y 

or 3 . p max p max 
*= J dof J dfi g(a,£) cos2 a cos fJ  ̂1 (Â ) 

-a 
max max 



6U 

where 

J-» max p max 
[ dff <30 g(a,P) cos a . 
L/v «J_R -Of u-0 max max 

The efficiency function + <*> + &) = gfajP) is assumed to be sym

metric about the center of the detector. 

A round Y-ray detector centered on the z* axis, (9*,9') = (0>0) 

and with extent 

0 £ 0* £ or , 0 ̂  cp* ^ 2"n , 
max* T 9 

gives (x'Xy = (y'X̂  = 0 and (z*)̂  si, in either case, for simple ef

ficiency functions, (y1) or (z*)̂  in Eq. (A3) are scalars which may be 

easily evaluated. 

To average over the particle detector, we consider a reaction in 

the form X(a,b)Y and rewrite (vQ)p • <r)̂  in terms of the properties of 

the detected particle, b. In the derivations which follow, we will use 

the conventions and relation (9̂ , cPy)t_Q = (Qq, 9q), Py(t=0) = PQ, and 

<Pb = <PQ + Now 

but 

<P > 
{y ) • (r) = P • <r) No'p 'Y  ̂ N 'Y 

<P > • <P > - <Pb> = P - <P.) op ap bp a bp 



65 

where P_ = P„ k a a 

and <P.> = <P" > i" + <P") + <P". > k" . 
D p ox. p TJY p DZ p 

Therefore 

P 
<vQ>p • <r>Y = ~ [(x')y(k • i') + <yf>Y(k * 3*) + <z*>Y (k • k1)] 

" fij frVp [<X,)Ŷ " * "V) + ' 3*) + <z,>Y(i" • *')] 

+ <P"by>p [<X»>y(3" • i») + <y')Y(3" • 3') + <z,)Y(3n • k*)] 

+ ̂ "bẑ p * *') + * 3') + (z'X̂ k" • k*)J ]• (A5) 

To evaluate Eq.. (A5) in the general case, note that the direction co

sines are the elements of the Euler transformation matrix relating the 

respective coordinate systems. 

In the above examples the single and double primed coordinate 

systems were chosen so that i . i1, i • i" =1, and {̂ rectangular 

<y'>Y 3* or Ĉ ŷ̂ round a Hence EqL* becomes 

<y«) , a ^ — <» A 

{{Vv V̂rectangular " lPâ  ' J'> ' [<PVp(̂  * ̂  

+ (pvyf" • 3*>]} 

or 



t<?o>p • <̂ \̂ round = k<* " **> * [<fVp(3" " **> 

+ <PVjS" • J')]} 
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and for either, 

l«>vl 
t̂ p • <J\'either * k. cos «* + <PVp sin(RV " V 

" ̂ Vp COS<BY - V) 

where 

/„ \ In,. P„ sin 9"b sin <?"b d"" <P Vp = — 
I dfj» 
Q" 

J J Q.. P. cos 0", dft" 
n.>P -

r «3P" j n.. 

P̂ Ccos V = V sin 0"̂  sin sin + cos 0'̂  cos 1̂ ) , (A6) 

and the angles and are as shown in Fig. 5. The integrations are 

over the solid angle, ft", subtended by the round particle detector. In 

practice J (r)̂ | is evaluated from Eq. (Ak) and the integrals in Eq. (A6) 

are solved numerically. 

As an example, for a square detector at = P = 15® and g con-in&x max 

stant one obtains from Eq. (AU), | (r)̂ | = (y'Xy 0.97 as the correction 
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for the finite dimensions of the Y-ray detector. If the particle detec

tor subtends a half-angle of approximately 20°, then 

v̂ô p T̂\ 0.95 (VQ r)point detectors 



APPENDIX B 

THE EVALUATION OF F calc 

In inferring a mean life from an experimentally-measured attenu

ation factor, Fex̂ , we calculate a set of theoretical attenuation fac

tors, F 1 , for various values of the mean life, T, and plot a curve of CQJ.C 

Fcaic vs • T« Then we assume FeXp̂ . = ̂ Calc rea<* mean life from 

the point on the curve which corresponds to this £"câ c. This section is 

concerned with the details of the evaluation of Fc&̂ c as given in Eq. 

(15) in the text. The following discussion relies heavily on the re

sults of the work of A. E. Blaugrund.̂  

The Doppler-shift attenuation method, as discussed in the text, 

uses two extensions of A. E. Blaugrund's method̂ ® in evaluating Eq. (15). 

This equation is reproduced here for convenience, and is 

r™ -t/T v(M̂ ol) cos ̂  
r=ai=<T> lvol> = J • A —rp-| dt <B1> 

0 T lTol 

The first extension is concerned with the form of the nuclear stopping 

power, the second is concerned with the finite thickness of 

the target. The following is a discussion of some of the details of 

30 Blaugrund's method and the equations that result from the assumed form 

of the nuclear slopping power. In addition, an example of a calculation 

of the attenuation factor, F̂ (T), for the ith layer of a finite target 

on a backing material will be presented. 

68 
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The dimensionless variables 6 and p are defined by Lindhard et 

29 al. as follows: 

6 
0 Ag 

E (B2) 
ZX Z2 e <A1 * V 

a 

and 

kn o3 N Ax Ag 
(B3) x 

Ui - V* 

where the subscripts 1 and 2 refer to the moving ions and stopping ma

terial atoms, respectively. In Eqs. (B2) and B3) Z is the atomic num

ber, A is the atomic mass, a .̂8853 (*2/me)2 (Ẑ 3 + )~V3> m and 

e are the mass and charge of the electron, and N is the number of scat

tering atoms per unit volume. E is the kinetic energy of the moving ion 

and x is the distance it has traversed, in the stopping medium. To sim

plify the equations in the following discussion, the constants in Eqs. 

(B2) and (B3) will be grouped into two new constants, g and h, defined 

by € = gE and p = hx. The stopping power of a medium may be expressed 

as 

types of stopping atoms, then the total stopping power is given by 

0*) 

is the sum of elec-

are n 
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n 

- (sXot - £ ("Di <B5> 

n /d€-\ 
• a ̂  <*$ ™ 

In terms of the dimensionless energy and distance of type 1 stopping 

atoms, we obtain 

(uXot - (̂S1) 
i 

This leads to 

/d€.\ /d£, \ n Y. /dC.\ 

kL = +& i (B8) 

fde±\ wi 
where t h e  J = fand are evaluated at ei = TIT €l for an i* 

i 1 
The YW_. are defined in Ref. 30. At this point if the 1 subscripts are 

dropped from and p̂ , etc., and if atom type 1 is always chosen to be 

the heaviest stopping atom in the slowing-down medium, then we get the 

following equation 

(§)tot - d)+kc* (%) <e9> 

where is the notation of Blaugrund̂ 0 for the ratio V̂ /V̂  and the sum 

is over the additional types of stopping atoms with 

/d€±v YV) 
\dp / evaluated a-fc  ̂= -yjf- € . 

i 
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The following will be concerned with the evaluation of Blau-

grund'ŝ  Eqs. (5a) and (l5a) to obtain equations analogous to Eqs. 

(17a) and (l8a) in that reference. That is, we will derive the func

tional forms of V/Vq and cos cp which will be used in Eq. (Bl). The di-

mensionless energy will be divided into three regions designated by Ro

man numerals: 

I 20 > € > 1.2 

II 1.2 > e > 0.1 

HI o.i > e > €cut > 0.01 (BIO) 

Since so little is known about the nuclear stopping power in Region III, 

the Doppler shift was assumed to be zero for ions whose energy was less 

than In all cases considered in these experiments, Region III 

made a negligible contribution to F,,alc« 

Now Eq. (5a) in Blaugrund̂ 0 may be written as 

€ 

ft - V - GT • r ° (Bn) 
o 

tot 

or as 

<* -  * .>  -  ( - ir 1  j  ° -77^—^ < b i 2 )  

«  e v 3 [ i + ? c i ( i p r ) ]  

where T and C. are defined in Blaugrund̂ ®, and d€./dp. is evaluated at 
m 1 • i' i 
1 - OQ 

î = ~WT faction cos 9 in Eq. (Bl) is obtained from 
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cos 9 = [ cos cp e 
-|̂ 0(r) I 

(B13) 

*1 where r = j— , [ cos cp is the value of cos cp at t = tQ, G(r) is de

fined in Blaugrund̂ ® and I is determined from the expression̂  

G I = 
[^°(i)n+?Ci^Gi(^7)n] 

(BlU) 

Equations (B12) and (BlU) will be evaluated for the following 

forms of the electronic and nuclear stopping power: 

(!) - 1.2 < € < 20 (B15a) 

(i) 
n (1.2) 

3/3 
0.1 < € < 1.2 (B15b) 

f—N) = - 0.̂ - fV2 
W/n = (0.12)V2 

0.01 < € < 0.1 (B15c) 

and 

k €va for all €. (Bl5d) 
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In Region I we have the following: 

(j§) -k sCt 
eVa • f Ci o-ivr *T' 

de eV2 + dn e"va (B16) 

where de, dn, k, k̂  are defined in Blaugrund.̂ ® Using Eq. (Bl6) in Eq. 

(Bll), we obtain 

d 

o d 
=  I J n  (  r~) t017) t - t - 2 \ d 

€ * r  e 

*30 7b Wi T 
where a is defined in Blaugrtind and is or = —̂  . Solving this 

e 
equation for €/€ , we obtain ' o 

a(t-t ) 

r~ = i1 + a-!-) e ° - air <Bl8> 
o e o e o 

6 L . dn oi d 

Now, using Eq. (Bl6) in Eq. (BlU), we get 

d 
, , € + ~ 
d ' r/- / o d 

X = (B19) 

e 

then Eq. (B13) yields 

_ _ T6 / ° ae > "l̂ V̂ V 
cos cp = [ cos cp ]q ^ — J J n (B20) 

€° + d* \ -l(Gdv,72rO 

e 



where d ' is defined in Blaugrund. 
21 

7^ 

30 

In Region II we have the following: 

df)tot - k + + f ci ki(wr)VS «v2 + f ci o-^-wr V3 

.i . 

d 
To simplify the equations, the constant d, = n will be used. Using 

/E2 
Eq. (B2l) in Eq. (Bll) we obtain 

yr- + I 

to d -i 
—a~ J (B22> 

e 

This equation may be rewritten as 

(I-T - + d /€ d e o e o 

(B23) 

Now using Eq. (B2l) in Eq. (Bl̂ ), we get 

•pr + *b 

where d. * = —— 
^ srz. 

• • - ̂  - c <i-r (-=-i > i <«> 

a e 

d 
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Equation (B2̂ ) leads to the following expression for cos cp : 

. i i. c (ir (-^4) • <«> 

« • ?  
e 

Finally, in Region III, the total stopping power has been 

assumed to be of the form 

/jc\  ̂ « i.cV3 \va /"*W.0.12s-yzW. G\y2 
(sp)tot

= k jQ22 
+?ci ki\w €) +f ci °-1,(_T5i—) (-wr) 

= (ae + -^=)sv2 (B26) 
/O32 

To simplify the equations the following constant will be used: 

d 
d = d + —— . 

e /o7I2 

Using Eq. (B26) in Eq. (B12), we get 

t - tQ = - |r *n (§-) (B27) 

/2 yvj T € 
where a' = JJ . Therefore is 

a o 

- gfo-y 

= e 51 (B28) 
o 



76 

Using Eq. (B26) in Eq. (Bl4), we obtain 

I = - ~ ̂  (B29) 
a o 

and 

rv: -.(Gd »/2rd ) 
COS CP =: H COS Cp 3 |j|- J (B30) 

o 

d i 
n where d ' = 

a /07l2 

In order to vary the strength of the calculated electronic and 

27 nuclear stopping power, two constants have been introduced 

(f) =fe(f) (If) =fn(f) 
e e n n 

where fg = f = 1.0, means the electronic and nuclear stopping powers 

29 are just those calculated by Lindhard et al. These two constants 

change the constants in the above equations in the following manner: 

d - f d e e e 

d - f d n n n 

d • - f d ' n n n 

In practice, Fcalc in Eq. (Bl) is evaluated for f = 1.0 ± 0.20 and 

f « 1.0 ± 0.20. 
zx 
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Using the above equations Fcâ c may be evaluated for ions re

coiling in only one stopping medium. However, in the case of a finite 

thickness target, the ions recoil in the target material before entering 

the backing material. If the target is divided into N strips the atten

uation factor for ions originating in the ith strip of the target may be 

written as 

t_ t r> e 

MT) - if 

iT 
VZ ^ 1 dt + -

o' U 

r>e 

-t/T [76 \v2 ' 
e ' [_\£—) -cos cp 

cut 
V2 t/T rye y* —-] 

lAr/ cos 

(B31) 

ŵ ere t is the time the recoiling ions from the ith strip of the tar-
iT 

get enter the backing and t is the time at which the energy of the 
cut 

ions equals ̂ cû .. In Eq. (B3l) [ 1™ and [ 3_ are the function 

/€ \V2 CU 
\j£-J cos cp with its stopping power constants evaluated for ions re-
o 

coiling in the target and backing material, respectively. The function, 

cos cp, has been required to be continuous at the target-backing inter

face. 

Since tg is determined from Eq. (Bll), we must determine the 
iT 

energy, the recoiling ions have at that time. The energy is 

obtained from a range-energy curve generated from the equations of 

29 55 Lindhard et al. and Northcliffe. If an ion with energy Eq enters a 

stopping medium, the distance it will traverse before stopping is given 

by 

H(E0) = J ° (- §) dE (B32) 
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It follows from Eq.. (B32) that if the ion leaves the medium with an 

energy E, then the distance it travels in the stopping material is 

E 

X = R(Eq) - R(E) = (- g) dE (B33) 

Equations (B32) and (B33) niay be expressed in terms of the dimensionless 

variables €, p as follows: 

E<y - J ° (§)tot ]"l f tKW 

where the range R is in units of g/cm2 and ̂  is in units of eV/(g/cm2). 

The constant DH is the density of the heaviest stopping atoms in units 

of g/cm3. The constants g and Y are defined in Eq. (BH). Equation 

(B3*0 is evaluated for many energies and a plot of R vs. € is made. 

From this curve one can obtain the energy that an ion has after tra

versing a distance X in the target given that its initial energy was €q. 

Figure 18 illustrates this procedure. 

In order to evaluate Eq. (B3̂ ), the integral is separated into 

integrals over each of the three regions of dimensionless energy defined 

in Eqt. (BIO). These integrals have the form 

B(6x) - R(€2) = j£ j (B35) 

^>Lt 

Using Eqs. (Bl6), (B2l), and (B26) in Eq. (B35) for Regions I, II, and 

III, respectively, the following relations are obtained: 
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Rty- H<y 
cL p 

ftan 1 a 
lde . -l - tan 

n 
] }  

Region II: 

(B3 6) 

e e 'S. + de "̂ 2 

(B37) 

Region III: 

R(€l) ' = hd { " ̂ 2 J" (B38) 

Equations (B36), (B37)> and (B38) enable one to determine t , and 
iT 

therefore to calculate K(T) from Eq. (B3l). The following is an 

example of such a calculation. 

Let € m and € _ be the dimensionless energies corresponding to OX OJd 

the initial energy of the recoiling ions in the target and backing 

materials, respectively. Assume 20 > > 1.2 and 

20 > > 1.2, then Eq. (B3l) may be written as follows: 

r̂ c 

F.(T) = 

iT 

-t/T 

T fITdt + 

1.2B 

a-t/T 

"I" fIB dt + 

5iT 

r*0.23 

r t /r  
f dt + 

T IIB 

1.2B 

p̂ ecut 

-t/T 

'0.1B 

"IIIB 
dt 

(B39) 
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The terms f̂ , f̂ , and fjjj stand for the functional form of \gr~J cos cp 
o 

in Regions I, II, and III, respectively. The "T" or "B" ending on f , 

etc. indicates the stopping constants in these expressions are evaluated 

for ions recoiling in the target or backing, respectively. The constant 

t„ is the time at which the recoiling ion enters the backing, and 
iT 
nT1) t„ , are the times at which the dimensionless energy of x • &ib U • i.D * CUl̂  

the recoiling ion in the backing has values of 1.2, 0.1 and £cut, re

spectively. The functions in Eq. (B39) are as follows: 

(a) For Region I in the target, f̂  is 

f. 
IT 

(B̂ O) 

In Eq. (B̂ K)), we have 

(BUl) 

and 

T̂̂ 'T̂ VnT̂  (Bfe) 

where the T endings on the subscripts indicate the constants are evalu

ated for ions recoiling in the target material. 
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0>) For Region I in the backing, is 

- CrJ° eoB =" €IB =• S =•L-2 
OB 

la Eq.. (BU3), we have 

c (i a - 2(t-t )/ar . 

e 
iT -3-%_ (BW.) 

oB oB eB oB eB oB 

and 

€ i dnB 

rn/f- \ r m 1 \(̂  ̂  ̂̂  cos = [ cos 9 ]t=t LWrJ k r; J J 
S OB g _nB 
iT B + d̂  (1*5) 

The B endings on the subscripts indicate the constants are evaluated for 

ions recoiling in the backing. The constant [ cos cp ] is Eq.(BU2) 
e 
iT evaluated at ̂  = 6̂ . 

(c) For Region II in the backing, fTTD is .Li-D 

-fer cos cp(6fi) 1.2 > Gg > 0.1 (B*»6) 

In Eq. (B̂ 6), we have 

. ( /p + _iS_ ) . dbB 0*7) 

^ J oB deB^ deB^ 
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and 

B̂B /r-p . 

7-2—r r n fŶ B \VZ ( deB M̂ B̂ 'B̂ bSB̂  = c cos <p \ L̂ j  ̂ g_ j j 

+ 32 (Bit8) 
eB 

where [ cos cp ] is Eq. (Bl+5) evaluated at €_ = 1.2. 
1.2B 

(d) For Region III in the "backing, fTTTT, is 

fniB - Crrf*cos °-1 > € b> €cut 
OB 

In Eq. (BU9), we have 

£-) - (2?) (B50) 
oB oB 

and 

=°s <p(y - c ̂  [̂ r]<"B"a B'"B"aB' <B5X) 

where [ cos cp T is Eq. (BU8) evaluated at dL = 0.1. 
0.1B 3 

Equation (Bll) is used to get the times t > OT>, trt and 
e±T 1.2B 0.1B 

tecut where W, T, and evaluated for ions recoiling in the 

target or backing material.. For example, we may have 
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• < w  

r IB 

\.ZB - \T = \-TT-) TB eV'L % * c-val (B52) 

S L eB S +dnB^ J 

1.2 

All of the integrations in Eq. (B39) done numerically using 

11 the method of Gaussian Quadratures as follows: 

P n 

J f(x) dx = 5-Z-2 .2̂  W. f (x.) + Rn (B53) 

and. 

31 where the u. range from - 1 to + 1. The W. and u. are tabulated for 
l l I 

values of n up to n = g6. The û  and are independent of the integral 

being evaluated and only depend on the number of points, n, used in the 

evaluation. The remainder, Rn, is proportional to the 2nth derivative 

of f(x). Therefore, if f(x) is a polynomial of order less than or equal 

to 2n - 1, the Gaussian Quadrature method will yield the exact answer 

for the integral in Eq. (B53)• However, the method may give poor re

sults when integrals of the following type are evaluated: 

a 

e"x dx (B55) 

£ 

J 
O 

where a is very large compared to 1. To avoid this difficulty, the 

following change of variable has been made 
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y = e"x (B56) 

The integrals of Eq. (B39) are all of the form 

J 2 «"t/T f(|) S£ (B57) 

*1 

where = —-— cos cp . 

I'J 

Using the change of variable in Eq. (B56), the integral in Eq. (B57) 

becomes 

y 
- J 2 f (|) )<3y (B58) 

yl 

where 1 ̂ ŷ , ŷ  s 0. Table VIII (a) shows the values of the constants 

/ \ 2® 
used in the evaluation of Eq. (B39) for the case of Si ions recoiling 

28 in a Si target on a copper backing. The ions travel through approxi

mately 25 lig/cm2 of Si28 before entering the Cu backing. Table VIII (b) 

shows the results of the evaluation of each integral in Eq. (B39) for 

this case. 



APPENDIX C 

A PROOF THAT F̂  = Fcalc 

In inferring a mean life from an experimentally measured attenu

ation factor. F ., one calculates a set of theoretical attenuation ' expt' 

factors, ̂ ca]_c> f°r various values of the mean life, T, and plots a 

curve of F vs. T. Then one assumes F . = F and reads the mean CcLLc expu caic 

life from the point on the curve which corresponds to this F . The 
C8J.C 

extent of the validity of this assumption is open to question since 

F .is measured in the laboratory with finite-sized detectors and 
i-qpt 

F _ is computed using point geometry. 
cstic 

F . is defined as expt 

%lh,t " ̂ Y2̂ s,t (cix 
expt ~~ E r 

— <v > • <r> - <r> c x o'p LNr/Yl V2J 

where (E .) . is the space-and-time averaged energy of gamma rays de-
Yi s 

tected by a Y-ray detector at position i, and (v0)p is initial velo

city, v , of recoiling ions averaged over all initial velocities allowed 

by the size of the particle detector. The symbol represents the 

average of r over the dimensions of the Y-ray detector at position i, 

and Eq is the energy of the transition in the rest-frame of the nucleus. 

The expression for the energy of Y rays emitted in a direction r 

from nuclei recoiling with a velocity V to first order in V/c is 

85 



E = E [~1 + - • r~| 
Y o L c J 

86 

(C2) 

Using this and assuming V to vary with time one obtains the following 

expression for the numerator of Eq. (Cl). 

v..t - v.,t • r <<**• l7ol)>t • <fv)p 

|v„|)>t • «>v2) (C3) 
P 

where Vq = V(t = 0) and |v | is the initial speed of the recoiling ions. 

Since the ions are scattered with symmetry about the initial Erection, 
««• 

the components of V perpendicular to the initial direction average to 

zero. Therefore we may write 

|vo|) = v(t, |vj) cos cp (t, |vo|) (CU) 

where the direction of v is always along the initial direction of the 

recoiling ions and v(t, |vo|) and cos cp vary with time as calculated by 

Blaugrund.̂ ® 

Using Eq. (Ĉ ), one may rewrite one of the terms on the right 

side of Eq. (C3) as 

E / _ \ E , (• <v cos cp > • (r) v 
 ̂(<">t • <f>Vl)p ( { - . < > • «>„) <C5) 

* o N /-Y1 p 
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Now the quantity in curly brackets in Eq. (C5)j which will here

inafter be referred to as o, can be simplified and expressed as 

Fc«lc (T' l7oP -

-t/T 
®—v cos y dt (c6) 

T |vj 

since the direction of v and Vq is the same. Equation (C6) is the same 

as Eq. (15) in the text. For fixed T, Fc&lc is only a function of |vo| . 

Therefore keeping T constant and using Eqs. (C3), (C5), and (c6) in 

Eq. (Cl)3 one obtains 

expt = p " Ĉf) 

<7 > - ! „ <£> s o'p >- ' yi K y2 J 

If one assumes £"câ c to be a linear function of |Vq| for the spread in 

|v | encountered in these experiments (see Fig. 19)j Fcaic  ̂

expressed as 

,dF % r 
Pcalc(l7ol' " Fcalc(<l7oiy + Cl̂ ol ' <1̂ 1 >p] <C8> 

where ôl sl°Pe the assumed linear curve, and the 

constant term was chosen to be evaluated at a speed equal to <||, 

the average initial speed of the recoiling ions. Using Eq. (c8) in 

Eq. (C7), one obtains the following expression for FeXpf. 

Fexpt • Pcalc «l7J>p> + 5 (09) 
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where 

• -  f e )  
d lv

0! 

GqFOW ' [<?> 
Yl"ir\2 ] 

<v_>_ • [<r>... - <r> 
° P Y1 V2 ] 

- <1 v |> O' p 
(CIO) 

We may rewrite Eq.. (CIO) as 

/dF _ \ 
6 = (-frf) <l^ol>p <crL> 

dlvol 

In all of the cases considered in these experiments 6 was typically 

€ £ 1.003 and 6 £ 0.0004. 
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Table I. Observed Doppler shifts for the 4.93-MeV state in Si29. 

target 
thickness 
(ixg/cm2) 

Backing 

(tig/cm3) 

No. of 
Measure
ments 

(AE) v 'meas 

(keV 

(AE>measa 

<AE>calc 

90 ± 10 50 Carbon 2 U8.58 ± 0.35 l.oeo ± 0.010 

110 ± 10 5̂0 Au 2 47.09 ± 0.30 0.989 ± 0.009 

110 ± 10 450 Au to beam 1 47.05 ± 0.40 0.998 ± 0.011 

l40 ± 10 500 Ni 4 1*5.65 ± 0.54 0.960 ± 0.013 

75 ± 30 1.6 X 10s Cu 6 47.77 ± 0.91 1.023 ± 0.021 

75 ± 30 1.6 X 10S Cu 1 •
 

ro
 

00
 

± 1.08B 1.013 ± 0.024 

425 ± 8 1.6 X 106 Cu 7 45.40 ± 0.33 0.980 ± 0.010 

U90 ± 8 1.6 X 10S Cu 6 45.86 ± 0.26 0.9̂ 9 ± 0.009 

425 ± 8 1.6 X 106 Cu 6 45.66 ± 0.32 0.987 ± 0.010 

425 ± 8 1.6 X 10s Cu 6 45-90 ± 0.54b 1.004 ± 0.014 

425 ± 8 1.6 X 106 Cu 3 U5.0U ± 0.33 1.012 ± 0.010 

425 * 8 1.6 X 106 Cu 3 45.01 ± O.U5b 1.011 ± 0.012 

Average 0.996 ± 0.003 

Uncertainty includes 0.7% uncertainty in (̂ E)ca2c« 

These results were obtained from full-energy peaks; all others are from 

two-escape peaks. 



Table II. Doppler shifts and mean lives in Si3X.a 

Transition 
Energies 
(MeV) 

Target 
Thickness 

Si3°02 

((jig/cm2) 
<l-oi >P 

c 

A<EV> 

(keV) F expt 

T ± 6(tFT> 

(10"13 sec) 

T ± 6(T) 

(10"X3 sec) 

0.75 - 0 200 ± 30 0.00553 2.11 ± 0.28 0.275 ± 0.036 7 2 + (,d - 1.0 7 - a*  l i  

1.69 - 0 200 ± 30 0.00525 4.1+1 ± 0.62 0.270 ±0.038 n + 

- 1.3 
7.4 ± 2.3 

2.32 - 0 310 ± 30 0.00766 32.6 ±6.5 1.0 ± 0.2 < 3 < 3 

2.79 "* 0 310 ± 30 0.00553 no measurement m -

3.14 - 1.69 110 ± 30 0.00532 4.01 ± 0.29 0.304 ± 0.022 5 0 + 1'7 •?*° - 2.0 
5 Q + 2.2 
5,0 - 2.6 

3.53 - 0.75 200 ± 30 0.00462 23.05 ± 0.65 0.988 ± 0.028 < 0.30 < 0.37 

ĥe errors in column 6 include only the statistical errors in Fex̂ .̂ and target thickness. In addi

tion to these statistical errors the quoted errors in cn umn 7 include a ±20% systematic error 

assigned to the calculated electronic and nuclear stopping powers. 



Table III,. Doppler shifts and mean lives in Si39 .a 

Transition 
Energies 
(MeV) 

<l-o!>P 
c 

A<Ey> 

(keV) expt 

T  ±  6 (T R A )  

(10~13 sec) 

T ± 6(T) 

(10~13 sec) 

1.27 - 0 0.00620 7.26 ± 0.26 0.502 ± 0.019 Q 7 + O.U 
- 0.2 

07 +0.9 
3,7 - 0.8 

2.03 - 0 0.00600 11.11 ± 0.6U O.U99 ± 0.029 0 7 + O.U 
i,{ - 0.3 - 0.9 

2.b3 - 0 0.00588 25.28 ± 0.62 0.970 ± 0.026 < 0.1<6 < 0.6 

3.07 -* 1.27 0.00568 18.31 ± 1.05 0.985 ± 0.059 < 0.7̂  < 0.9 

3.62 - 2.03 0.00551 0.93 ± 0.33 0.06 ± 0.02 1+8+22 
40 - 12 

U.08 - 1.27 0.00533 23. ̂  ± 0.71 0.87 ± 0.03 0.68 ± 0.16 0.68 ± 0.22 

4.8U -* O 0.00516 .̂95 ± 0.31 1.013 ± 0.012 < 0.13 < 0.16 

®!Ehe errors in column 5 include only the statistical errors in Fex̂ . and target thickness 

T = ̂ 5 ± 8 ((j,g/cm2). In addition to these statistical errors the quoted errors in column 7 

include a ± 20/a systematic error assigned to the calculated electronic and nuclear stopping powers. 



Table IV. Comparison of present results with those obtained previously. (Mean lives aire in units 
of 10" a sec.) 

Ex 

(MeV) 

DSAMa 

Arizona 

DSAMa 

Others 

Resonance 
Fluorescence 

(bremsstrahlung) 

Resonance 
Fluorescence 

(pjp'v) 

6 Coulomb 
Excitation 

1.27 •3 rj + 0.9 
3,7 - 0.8 

Q , + 1.1 
J"L - 0.8 1.50 ± 0.52 4 4 + 1#7 4,4 - 1.4 4.3 ± 1.4 

2.03 
*•' - 0.9 

- c + 0.9 
- 0.8 

> 1 7.0 ± 1.4 

2.43 < 0.6 0.20 ± 0.07 0.20 * 0.07 

3.07 < 0.9 0.23 ± 0.11 

3.62 1$ + 32 
40 - 18 

If. 08 0.68 ± 0.22 

4.84 < 0.16 

Ĉhese are results from a Doppler-shift attenuation measurement. 
bS. I. Baker and R. E. Segel, Phys. Rev. 170, 10*46 (1968). 
CE. C. Booth and K. A. Wright, Nucl. Phys. 35, 472 (1962). 

Ŵ. Jentschke, H. J. Korner, and S. J. Skorka, Acta. Phys. Austr. 21, 43 (1966). 
eReference 49. (An amplitude mixing ratio x = - 0.21 ± 0.03 from Ref. 23 was used to obtain the 

mean life of the 1.27-MeV state from its B(E2)). 



Table V. A summary of the comparisons of the BeXp-fc(â ) deduced from the results of measurements on 

Si31 with those predicted by the extreme single-particle model, the Nilsson model, and the 

shell model. 

Transition 
Energies 

(MeV) 

Multipole 
Mixing 
Ratio 

a 
X 

Multipole 
Type 

crL 

B«pt<0L> 

\ (oL)b 

Bexpt(aL) W"1' 

0.75 - 0 • • • • Ml6 0 22 + 0,06 
°* - 0.03 

0 alt. + °-50 
°*y - 0.23 forbidden 

1.69 - 0 U.70 ± 1.00 Ml 

E2 

(b + \) x 10"4 

* - 3  

3 +2 J - 1 

2 0 + 1,0 d'° - 0.5 

0 71 + 0.1+6 
0,'X - 0.33 

I.69 - 0.75 • • • • E2® 

0
 0
 

+
 

1 
0
 

CVI OJ 

2.32 - 0 0.09 * x £ 2.75 
-2.75 £ x ̂  -70 Ml6 > 0.006 > 0.12 

3.1̂  •* 1.69 0.11 ± 0.10 El (6 + ®) x 10"1 forbidden 

3.53 - 0.75 
0.58 ̂  x S ® 
-1.73 * x £ 0.0 

El6 > 0.001 • • • • 

Reference 19 R̂eferences 8 and 12. 

R̂eference 38. eA value of x » 0 was used to calculate BeXp̂ (aIj) • 
cReferences b and 6. 



Table VI „ A summary of the comparisons of the BeXp-|;(a-- deduced from the results of measurements on 

Si39 with those predicted by the extreme single-particle model, the Hilsson model, and 

the shell model. 

Transition 
Energies 

(MeV) 

Multipole 
Mixing 

a X 

Multipole 
Type 

aL 

' WL) 

BY (°L)b 

Bexpt(aL) Bexpt(oL) 

BSM <OL)d 

1.27 - 0 - 0.21 ± 0.03® Ml 0.0̂  ± 0.01 0.62 + 0.15 - 0.13 forbidden 

E2 8 ± 3 16 ± 5 

2.03 -* 0 • • • • 
f E2 11 ± 2 6 ± 1 

2.03 -1.27 - 0.09 ± 0.l8a Ml 0.01*1 ± 0.005 1.4 ± 0.6 

E2 0.8 
+ 6 
- 0.8 9 

+ 68 
- 9 

2.k3 0e + 0.26 ± 0.08h Ml 0.11 + 0.05 - 0.03 
0.2k 

+ 0.13 
- 0.06 

E2 5 
+ ̂  
- 3 

. 2.6 + 1.9 
- 1.4 

2.̂ 3 1.27g • • • • Mlf 0.16 ± 0.06 2.6 ± 1.0 



Table VI. A summary of the comparisons of the ̂ eXp̂ (gL) (continued). 

Transition 
Energies 

(MeV) 

Multipole 
Mixing 

xa 

Multipole 
Type 

CTL 

Bexpt(aL) 

Bfc, (<JL)B 

Be»t(al» 

M># 

W(aL> 

BSM (°L>D 

3.07 "* 1.278 
+ o.o6a 

" 0,23 - o.TE Ml 

E2 

0 21 + - 0.09 

Ik +7° 
~ 7 

rjC + 70 
76 - 32 

It.3 * 21 

3.07 - 2.03g • • • • Mlf 0 29 + y - 0.09 
1| 2 + 3*? 

* - l.U 

3.62 - 2.03 0 ± 0.LA El (5 t £) x lOTf forbidden 

3.62 - 3.07 Elf (1 * ®) x 10"4 forbidden 

U.o8 - 1.27 E2f I18 +19 
- 11 

5 k + 2.1 
- 1.2 

If.08 - 2.03 Mlf 0.02U ± 0.008 0.̂ 48 ± 0.16 

U.81+ -• 0 Mlf > 0.02U • • • • 

Reference 22, 

R̂eference 38. 

References ̂  and 6, vS 



Table VI. A summary of the comparisons of the B̂ ^̂ oL) (continued). 

R̂eferences 8 and 12. 

Reference 23. 
f 
A value of x = 0 was used to calculate BeXp̂ .(aL). 
gThe value of the mean life for this state was obtained from the results of S. I. Baiter and R, £. 

Segel, Phys. Rev. 170, 10*46 (1968). 
hA. E. Litherland and G. J* McCallum, Can. J. Phys. 38, 927 (I960). 
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Table VII. A summary of the experimental values of the intrinsic 
quadrupole moment and deformation of Si 29 

Transition 
Energies 

(MeV) 

Transition 
Spins and 
Rotational 
Quantum Nos. 

JK - J'K» 

Intrinsic 
Quadrupole 
Moment 

lQo! 
(barns) 

Deformation 

LAI 
2.03 - 0 

2.b3 - 0a 

3.07 - 1.27s 

U.08 - 1.27 

5 3 3 3 
2 2 2 2 

i f - H  

0.57 ± 0.05 

0.37 

0.U7 

+ 0.11 
- 0.13 

+ 0.68 
- o.lU 

<>•*: 2:2 

0.37 ± 0.03 

0 ok + °-°7 
0,24 - 0.08 

0.30 

0.3̂  

+ 0.U4 
- 0.09 

+ 0.08 
- 0.0U 

Average 0.35 * 0.03 

ĥe value of the mean life of this state was obtained from the results 

of S. I. Baker and R. E. Segel, Phys. Rev. 1705 10*16 (1968). 



Table VIII (a). A summary of some of the constants used to obtain the 

results listed in Table VIII (b). 

'iT 

"oT 

of. 
Si 

ex. 
Cu 

~oB 

0.512 MeV 

10.350 

12.2̂ 9 

0.9 ps 

0.4 ps 

7.195 

"iB 

"cut 

'iT 

1.2B 

0.1B 

'ecut 

6.080 

0.08 

60.552 fs 

2*16.82 fs 

377.23 fs 

384.27 fs 



Table VIII (b). A svunraary of the results of the evaluation of F̂ T) in Eq, (B39) for Si39 ions 
26 & recoiling in a Si target mounted on a Cu backing. 

T 

(fs) 

*e. 
iT 

,-t/T f dt 
IT T 

r̂ î B p̂ O.lB 

,-t/T f dt 
"IB T 

ô ecut 

-t/T t dt 
*IIB T 

,-t/T f dt 
IIIB T 

iT '1.2B 0.1B 

F3(T) 

10 

100 

500 

1000 

0.98159 

0.̂ 3̂ 1̂  

0.10857 

0.05590 

0.00201 

O.28UI46 

0.ll»6l6 

0.08303 

0.00000 

0.00*483 

0.00897 

0.0059*+ 

0.00000 

0.00001 

0.00003 

0.00002 

0.98̂  

0.723 

0.26b 

0.1U5 

ĥe target was divided into 10 n.g/cm'1 strips. The results presented in this table are for ions 

originating in the third strip, i.e., ions must traverse about 25 |ig/cma of the Si38 target material 

before entering the Cu backing. 
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Fig. 5. A schematic diagram of the experimental arrangement used in Configuration 1: A Movable 

Gamma-Ray Detector. 

This figure shows a top-view of the coordinate system pertinent to the text and 
o 

Appendix A. The x-axis is into the paper. -F-
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Fig. 6. A schematic diagram of the experimental arroigement used in Configuration 2 

Stationary Gamma-Ray Detector. 

The collimator arrangement for the downstream detector is identical to that 

shown for the upstream detector. 
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PAMP denotes a preamplifier; Ge(Li), a y-ra.y detector; 
b-DET, a silicon surface-barrier detector; AMP, an ampli
fier; LDLY, a linear delay amplifier; BLR, a base-line 
restorer; LG, a linear gate; STAB, a digital stabilizer; 
ADC, an analog-to-digital converter; MEM, a 102U-channel 
memory; READ, a plotter, a printer, and a paper-tape 
punch; TPO and TPOC a time-pickoff unit and control, 
respectively; G & D, a gate and delay generator; PPUL, a 
precision pulser; XPO, a cross over pickoff unit; TSCA, 
a timing-single-channel analyzer; FC, a fast coincidence 
circuit; and OR, a summing amplifier. 

Fig. 8. A block diagram of the electronics used in Configuration 1: A 
Movable Gamma-Ray Detector. 



Fig. 9. A block diagram of the electronics used in Configuration 2: 

A Stationary Gamma-Ray Detector. 

DSbD denotes the downstream b-particle detector; FAMP, a 
fast amplifier; LLD, a low-level discriminator; FUPI, a pulse-
pile-up inspector; ANTI, an ar1."coincidence circuit; D-OR, a diode 
logical "or" circuit; TAC, a time-to-amplitude converter; SCA, a 
single channel analyzer; SC, a slow-coincidence circuit; and EM, 
a digital gate and memory routing unit. See Fig. 8 for the defi
nitions of the remaining symbols. 
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Fig. 9- A block diagram of the electronics used in Configuration 2: A 

Stationary Gamma-Ray Detector. 
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Fig. 11. Analysis of the data obtained from measurements of the 

attenuated Doppler shift of Y rays emitted from the 2.U3-MeV state 

in Si29. 

Indicated in the figure are the fitted background functions 
(solid black curves) for these data, the centroids (5t), and the errors 
in the centroids of the Y-ray peaks for Y rays detected in the forward 
and backward directions with respect to the initial direction of the 
recoiling nuclei. The centroid was computed from the data between 
points a and b. 
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Fig. 15. Pulse-height spectra of Y rays in coincidence with protons associated with the popula

tion of the states at 752, 1693, 3137, 353*+ keV in Si31. 

The dispersion in the pulse-height analyzer was 0.539> 0.578, 0.565, and 0.792 keV/channel 
for the measurements on the states at 752, 1693, 3137, and 353^ keV, respectively. 



Fig. l6. Pulse-height spectra of y rays in coincidence with protons 

associated with the population of the states at 1.27, 2.03, 2.U3, 

and 3.07 MeV in Si29. 

The dispersion in the pulse-height analyzer was 1.100 keV/chan-
nel for the measurements on the 2.03-MeV state and 1.321 keV/charmel 
for the others. A 90 channel section of each spectrum is shown. 
The top (bottom) spectra were taken with the Ge(Li) detector at 0° 
(150°) with respect to the recoiling nuclei. The peaks shown are 
full-energy peaks from the indicated transitions. 
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Fig. 17. Pulse-height spectra of Y rays in coincidence with protons 

associated with the population of the states at 3.62, U.08, U.84, 

and U.93 MeV in Si39 . 

The dispersion in the pulse-height analyzer was 0.U70, 0.787, 
and 1.326 keV/channel for the measurements on the states at 3.62, 
U.08, and 4.84, U.93 MeV, respectively. A 90 channel section of the 
Y-ray spectra from the states at 3.62 and b.08 MeV are shown along 
with a 190 channel segment of the Y-ray spectra from the states at 
k.8k and k.93 MeV. 
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