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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 20 F and 6BFe: 

States in ^F 

T(0.66 MeV) (3.57 + 0.73\ „ 
- 0.78' X Kf13 sec 

T(0.8S MeV) A X 10~13 sec 

T(0.98 MeV) = (1.28 + °*f2) X 
- O.Ul' 10"13 sec 

T(L.O6 MeV) £ 9.2 x 10"14 sec 

T(1.31 MeV) (1.11 + 0*^1\ 
- 0.29^ io~13 sec 

T(2.0U MeV) £ 3.8 x 10~14 sec 

T(2.19 MeV) £ k.6 x 10~14 sec 

T(2.96 MeV) 6.2 x 10"14 sec 

T(3.^9 MEV) £ h.7 x 10"14 sec 

T(3.53 MeV) <£ 3.2 x 10~14 sec 

States in BSFe 
t 

T( 0.1+1 MeV) i= (6.7 : ̂E1 ) x 10* 

T(0.93 MeV) = (9.8 : x 10": 

T(1.32 MeV) <e-7 : ?:S> x 10~: 

T(L.L+1 MeV) > 1.0 x 10"12 sec 

T(1.92 MeV) < 3.2 x 10"X4 sec 

T(2.05 MeV) < 2.8 x 10~14 sec 

T(2.15 MeV) = ( 2  8 + 

- O.9; x 10"3 

sec 

sec 

x 



T(2 .21 MeV) = (1.05 * ^*75) x 10"X3 sec 

T(2.30 MeV) « 1.1 x-10~13 sec 

• T(2.^7 MeV) = (2.5 * x 10"14 sec 

T(2.59 MeV) = (3.6 ̂  |#'G) X 10~14, sec 

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

is considered. The development of a method which uses a gas as the 
* 

slowing-down material for the recoiling nucleus and its use as a check 

on the mean lives of the first three levels in seFe is reported. 

From our mean life results we have deduced the reduced matrix 

elements for electromagnetic transitions among some of the low-lying 

s & 
states in F and Fe. We have made comparisons between these values 

of the reduced matrix elements and those predicted by the extreme single-

particle model and the unified model. On the basis of the above compar- t 

isons, a value of J = 3 is suggested for the spin and parity of the 

0.66-MeV state in- ^F. 

Some information concerning the branching ratios of the states 

at 0.82, O.98, and 1.31 MeV in 2°F and at 2.05 and 2.59 MeV in 65Fe. A 

previously unreported branching ratio of the 2.96-MeV level was found to 

be ' 

(2.96 -• 0.0 MeV) 0.2U ± 0.03 , 

(2.96 - 0.66 MeV) O.llf ± 0.02 , 

and (2.96 - 0.82 MeV) 0.62 ± 0.06 . 



CHAJPTER I 

INTRODUCTION 

The study of nuclear energy levels by observing the emission of 

gamma rays as the levels decay is not new. However, it is only in the 

last decade that the instrumentations in nuclear spectroscopy have pro

vided reasonably precise and efficient tools for the study of radiative 

transitions from excited nuclei. The most striking single improvement 

was the development of the solid state detectors. Using these new and 

improved instruments, methods have been developed for investigating the 

properties of nuclear energy levels. In this dissertation the adapta-
/ 

tion of these techniques to the measurement of mean lives of nuclear 

states is described in detail. 

In principle the method of calculating the radiative transition 

probabilities between two nuclear levels is well understood. The tran- ' 

sition probability of a given multipolarity is proportional to the ma

trix element of the appropriate multipole operator taken between the • 

wavefunctions of the final and initial states. However, in practice, 

the wavefunctions of the initial and final states are very model-

dependent. Hence the transition probability is a very sensitive test of 

the model which was used to generate the wavefunctions. 

The inverse of the mean life of a bound level is equal to the 

sum of all the possible transition probabilities for that level. In the 

1 
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cases, in which we are interested, photon emission is the only important 

contribution. However, even with transitions by photon emission only, a 

given level may branch to more than one other level. In turn, each 

branch may go by a mixture of multipolarities. Thus the relation be

tween the measured mean life of a level and the calculated transition 

probability for a given multipole transition from that level can become 

quite involved. This relationship will be presented in detail in Chap

ter V. 

The Doppler-shift attenuation method (DSAM) is the method we use 

to measure mean lives. The version of that method which we use defines 

the direction of the motion of the recoiling nuclei by coincidence meas

urements and is thus widely applicable. In many cases it is the only 

method which is practical. In this method a reaction of the form t 

X(a,b)Y is produced by a beam of particles, a, which is incident on a 

target, X. A particle detector is used to detect particles, b, in order 

to fix the velocity of the recoiling nuclei, Y. A y-ray detector de

tects "Y rays emitted by Y as it makes a transition to a lower energy 

level. The energy of these Y rays depends on the speed of the recoiling 
/ 

nuclei and the angle between the direction of recoil and the direction 

of emission. A shift in energy can be measured by observing the y-ray 

emission at two different angles with respect to the recoiling nuclei. 

As we will show in Chapter II, the mean life of the upper level can be 

related to this energy shift. 

One way to change the angle between the Y-ray detector and the 

recoiling nuclei is to move the Y-ray detector from one position to an

other. This movable Y-ray detector method, which has been described in 
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detail by Wozniak Ll}, is very simple to use. However, it has an inher

ent disadvantage. In order to obtain an energy shift, data must be 

taken with two different Y-ray detector positions and hence at two dif

ferent times. Since the measured energy shift is often very small, it 

is extremely sensitive to energy calibration changes that can occur over 

a period of time in the Y-ray spectrometer system. In order to remove 

this source of error, a two-target chamber was designed which contained 

two identical target-particle detector sets. With this arrangement the 

energies of Y rays emitted at two different angles can be measured si

multaneously. 

This two-target method has proved to work quite vjell and has re

duced or eliminated several sources of errors which contributed to un

certainties in the measured" energy shift. The most important sources of 

errors which were eliminated were zero shifts and gain changes produced 

in the electronic equipment. These are usually slowly time varying, and 

thus their effect can be completely eliminated. Because the Y-ray de

tector is not moved in this method, changes in background due to differ

ent positions of the Y-ray detector were also completely eliminated. 

Since the process of positioning only has to be done once there is less 

possibility for error to be made in the positioning of the Y-ray detec

tor. Another advantage to this method stems from the storage of com

plete data from the beginning of the experiment. This permits the 

experiment to be terminated at any time with only loss of statistics and 

not loss of data. 
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In both the movable y-ray detector method and the two-target 

method a solid target backing is used to slow down the recoiling ions. 

Because of the narrow range of stopping powers in solids, mean lives can 

only be measured which fall in the range 10"~14 sec < T<5 x 10~x3 sec. 

M v O 
Electronic methods can only measure T > 10 sec. Thus in the range 

5 x 10""12 sec < T < 10"10 sec some .other method must be used. To help 

cover this range we have designed a chamber which uses a gas such as 

krypton as the stopping medium. By changing the pressure of the gas, 

this method can be used to measure mean lives in the range 5 x 10~12 sec 

< T < 5 x 10"a sec. 

The experimental part of this dissertation consists of using the 

20 S 6 
above methods to make measurements on the nuclei F and Fe. It was 

hoped that by measuring the mean lives and branching ratios of some of 

oQ 
the low lying levels in F we could clarify some of their quantum num

bers and provide the incentive to do calculations on this difficult nu-

20 cleus. The lack of theoretical calculations done on F is largely due 

to the fact that it is an odd-odd nucleus.having one proton and three 

neutrons outside the closed p shell. 

20 
The choice of the nucleus F was ideal from an experimental 

standpoint. It can be easily produced by 2-MeV deuterons in the reac

tion l9F(d,p)2°F and was thus well suited to be done on the 2-MV Van de 

Graaff which was available at the beginning of this' experiment. In 

addition, l9F is. the naturally occurring isotope and exists in many 

stable compounds so that targets were easily produced.-

The choice of sSFe as a nucleus for investigation was made be

cause of the possibilities of doing theoretical calculations based upon 
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existing models and because of the total lack of experimental data on 

mean lives. Work was begun on 55Fe as part of an investigation of the 

isotonic series ^Ca,2Q, 22Ti2g > 24Cr29 3 2111(1 26Fesg • All members of this 

series have one neutron outside a closed f7 shell. The nucleus 49Ca has 
"2 

a closed d3 proton shell, slTi has two protons in the f7 shell, and 6°Pe 
1 "z 

has two proton holes in the f^ shell. Hence there are many possibili- . . 

ties for comparisons among members of this series. 

Calculations have been done on three members of this series; 

S1Ti, S3Cr, and 55Fe, using the unified model £23 and the shell model 

L3,^,5l. However, the correspondence to experimental results has not 

been good. More recently, Larner [6] has obtained much better results 

using a version of the unified model developed and extended by Thankap-. 

pan and True [7]. Comparisons of the experimental results with the ap- v' 

propriate calculations will be made in Chapter V. 

4 



CHAPTER II 

THE DOPPLER-SHIFT ATTENUATION METHOD 

Complete descriptions of the Doppler-shift attenuation method 

are now numerous in the literature. Thus only a brief outline of the 

method will be given here. In the version we use, a nuclear level is 

populated by a reaction and decays by y-ray emission. This y ray is 

emitted by a nucleus recoiling in some stopping medium. The Doppler-

shifted energy of the y ray is dependent on the instantaneous velocity 

of the recoiling nucleus at the time of emission of the y ray. Hence 

the average Doppler shift is related to the mean life of the nuclear 

level and to the slowing-down properties of the medium through which the 

nucleus is recoiling. If these properties can be measured or calculated 

the mean life of the nuclear level can be inferred from the mean Doppler 

shift of the Y rays from that level. 

The Doppler-shifted energy of a y ray, to first order in v/c, is 

/ 

Ey(t) = Ec (1 + • ry) . ' (1) 

Eq is the energy of the y ray in the rest frame of the recoiling 

nucleus. The instantaneous velocity of the recoiling nucleus is v(t) 

where (v(t)/c) « 1. The unit vector, r^, represents the direction of 

the emitted y ray. 



The mean energy of many such y rays is 

<Ev(T)>t = J dt E(t) W(t,T>. (2) 

o 

The weighting function, W(t,T), is the number of excited nuclei which 

decay per unit time. This weighting function is given by 

= i- . i e-VT , (3) 

where T is the mean life of the nuclear level. The difference in the 

mean Doppler-shifted energy of the y ray from EQ is thus 

A <EY(?)>t = <EY(T)>t - Ec = ^2 J p- e^A 7(t) • ^ (U) 

This equation shows explicitly the relationship of the shift in the mean 

energy of the y ray to the mean life of the nuclear level which produced 

it. 

It is convenient to remove the energy dependence from Eq.. ('+) by 

taking the ratio of the measured energy shift to the maximum energy 

shift. This ratio, called the Doppler-shift attenuation factor, is de

fined by 

E o Jdt -t/T 1 \ a 
— e t v(t) • r 

- i : " . (5) 

£ v(o) • ?Y 

which can be reduced to 
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F(T) = /"•£ e"t/T ZM , (6) 
o ° 

where Vq = v(t=0). Eq. (6) is strictly true only when all the recoiling 

nuclei have the same v . However, Wozniak Ll3 has shown that even if 
o 

there is a spread in the initial velocities of the recoiling nuclei, Vq 

may be replaced by an average of Vq , with negligible error in the final 

results. 

The remaining problem, that of finding a suitable function for 

v(t), is not an easy or straightforward one. .To greatly simplify the 

problem of finding a functional form for v(t), we ignore nuclear colli

sions as a first approximation. We further assume,, in the velocity re

gion in which we are interested, that/ the electronic slowing down is 

velocity dependent L8]. This electronic stopping power is given by 

• - . ( i )  -  - » S  =  M i  ( 7 )  
e , . 

where M is the mass of the recoiling nucleus and oe is the characteristic 

electronic slowing-down time of the stopping material. Upon integration 

Eq. (7) becomes 

v(t) = vo e-V" . (8) 

Substitution of Eq. (8) into Eq. (6) gives 
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c60 . _t(i + i") 

r(T) * J f » T  *  - ' r f f  .  ( 9 )  
o 

Eq. (9) is useful not only because it is simple, but also because it is 

a fairly good approximation even though it ignores the effects of nu

clear collisions. A very useful rule of thumb is provided by Eq,. (9). 

To make F(T) most sensitive to T, the stopping power constant, a, must 

be made approximately equal.to T. 

At the low recoil velocities encountered in-.our Doppler-shift 

measurements, nuclear as well as electronic collisions must be consid

ered. Nuclear collisions affect the Doppler shift in two ways. In each 

nuclear collision the recoiling nucleus loses part of its kinetic energy. 

In addition, its direction of motion can be drastically altered, Blau

grund [9] has shown that these effects can be taken into account by re

placing v(t) in Eq,. (5) with v(t) cos cp(t) . The J indicates an 

average of the quantity ( ) over nuclear scattering. With little error 

[9]> v(t) cos cp(t) can be replaced by v(t) cos" 9(t) • Here v(t) in

cludes both nuclear and electronic slowing down, and cos cp(t) represents 

the deviation of the recoiling nucleus from its initial direction as a 

function of time. Both of these functions, as well as a generalization 

of the method to include more than one type of atom in the stopping ma

terial, have been given by Blaugrund [93. In his calculations he used 

the nuclear and electronic stopping pov/er equations of Lindhard, Scharff, 

and Schiott L83. Wozniak [l3 has extended the lower energy limit as 

presented by Blaugrund t93 by about a factor of ten. With these 

4 
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modifications Eq. (6) becomes . 

FMcaxc - j'>e-VT 2M ̂ rWT , (10) 
O o • 

* 

where it is assumed that v(t) = v . 
' o 

Some evidence has been presented which indicates that the re-

. suits of stopping powers as calculated by Lindhard et al. [8] may dis

agree with experimental measurements by as much as 20$ [lOl. Because 

the evidence is not conclusive we have adopted the approach of quoting 

two errors. The first includes all experimental errors. The second, in 

addition to all experimental errors, includes an error due to a ± 20$ 

uncertainty assigned to the stopping powers. 

The esqjerimental procedure requires that a modification of Eq. ' 

(10) be made to allow for finite target thickness. Because the recoil

ing nuclei are produced throughout the thickness of the target, they 

. have progressively less target material to traverse before reaching the 

backing material. Thus variation in stopping mediums can be taken care 

of by dividing the target into N strips each of thickness AT, calculat

ing E\(T) for the i^*1 strip using Eq. (10), and averaging over the N 

strips. Each F^(T) is calculated for a nucleus recoiling through a tar

get thickness, T - (i - I) AT, and into an infinitely thick backing. In 

this process the functions v(t) and cos' 9(t) are required to be continu

ous at the target-backing interface. The F(T) to be compared with ex

perimental measurements is the average, 
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F<T>=alc " W A Fi(T> • ^ 

In practice, the mean life, T, is determined in the following 

way. Using Eq. (11), F(T)calc calculated for-several values of T and 

a plot of F vs. T is made as shown in Fig. 1. The value of F(T)expt *s 

read into'these calculated curves and the corresponding mean life, T . , 
6Xpu 

is read out. A detailed discussion of the determination of F(T) 
x 'expt 

will be given in Chapter III. 

The integral in Eq. (10) is integrated numerically by the method 

of Gaussian quadratures. Since the weighting function, e"*^7, is very 

small for t & 10 T, the limits of integration are unrealistic when doing 
/ 

a numerical integration. To improve the form of this integral for nu

merical integration we can rewrite Eq. (10) as 

F(T) = J ~ f(|) , (12) 
o 

where f(—) = (v(t)/vQ) cos v?(t). Eq. (12) suggests a change of vari

ables of the form y = e"^/T. Making this change of variables in Eq. 

(12) gives 

F(T) = - J dy f(- An y) . (13) 

This form of the integral is now quite amenable to a numerical integra

tion. In practice the change of variables permits a drastic reduction 

of the number of integration points used and thus results in a signifi

cant savings in computer time. 
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Fig. 1. Fcalc vs. T for a solid target with a solid backing. 

Fcaic(T>|^0| ) plotted vs. T for four thicknesses of natural 

calcium fluoride on a thick copper backing. |v |/c = 0.00831 

for the recoiling F nuclei. 



CHAPTER III 

EXPERIMENTAL DETAILS 

The coincidence version of the Doppler-shift attenuation method 

as we use it, must have a reaction of the form X(a,b)Y. A beam of par

ticles, a, having a well-defined energy which, together with a counter 

that detects the reaction particles, b, serves to fix the direction and 

energy of the recoiling nuclei, Y. As these nuclei slow down in some 

material they decay by y-ray emission. A v-ray detector is used to fix 

the energy and direction of these emissions. 

The mean energy of these y rays is dependent on the energy of 

the nuclear level, on the angle between the direction of the recoiling 

nuclei and the direction of the Y-ray detector, and on the mean velocity 

of the recoiling nuclei. The mean velocity is in turn dependent on the 

stopping power of the material through which the nuclei recoil and on 

the mean life .of the nuclear level. Therefore, to produce an experimen

tal shift in the m^an energy of y rays from a level with a given mean 

life, either the stopping power of the material through which the nuclei 

recoil, or the position of the y-ray detector must be changed. 

Solid Backing 

In the greater part of our work we keep the recoil material con

stant and change the position of the Y-ray detector. When this is done, 

the experimental attenuation factor is given by 

13 
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A<E > l <**> "  ̂ EY2^3 

W s - e =—2:225—7 • m 
y ° H2 <?„>p • [<J>vi - «>*] 

where the subscripts, 1 and 2, refer to the two positions of the y-xa.y 

detector. The numerator, A(E.,> , is the experimental value of the 
Y meas* * 

attenuated Doppler shift. This shift is found by talcing the difference 

of the mean Y-ray energies, <E_.) , measured at two detector posi-
|1 DL6AS 

tions. Each of these mean energies is the result of three averages 

folded together. The first of these is the inherent spread in energy 

due to Doppler shifting of the Y-ray energy. This spread approaches 

zero only for T » or where (EY) = Eq or T « of where {Ely) = EQ ± 

J; Ey^o* Folded in with this average is the space average due to fi

nite geometry and the statistical average due to the finite resolution 

of the Y-ray detector. The average due to finite geometry is accounted 

for in the denominator of Eq.. (l4). The denominator, A^E^)^, is the 

calculated full, or unattenuated, Doppler shift. This is the shift that 

would be measured if the nuclei recoiled into a vacuum with an average 

velocity (v ) . The vector (v ) is the space average of v . the ini-
o p op o 

tial velocity of the recoiling nuclei. A spread in Vq is caused by the 

finite size of the particle detector. The direction of the emitted Y 

ray is represented by the unit vector r. Its average, over the finite 

Y-ray detector at the i^*1 position, is (£Xyi* This vector must be eval

uated for each detector at each position. Wozniak Ll3 has given the 

method for use when (r) . is perpendicular to the face of the Y-ray 
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detector. Appendix A gives a method for.use in a more general case when 

the detector face is not perpendicular to (^Xyi* Wozniak Cl] has dis

cussed in detail the calculation of A(E^)o, the denominator in Eq,. (lU). 

He has shown that under typical experimental conditions (vQ)p • (r)^, =-

0.95 (vQ • r)pQint detectors. That is, the finite size of the detectors 

causes approximately a 5$ reduction in the unattenuated Doppler shift 

from that calculated using point detectors. 

The Two-Target Chamber 

Fig. 2 shows the two-target Doppler-shift chamber. This chamber 

employs two target-particle-detector sets to produce the two Y-ray de

tector positions in Eq.. (l^). Since the ratio in Eq. (l^) involves dif

ferences, it is desirable to make these differences as large as possible. 

This can be done by making (v ) and \ (v ) • (?)„,. I as large as possi-
o  p  i o p  Y l i  

ble. The average initial velocity, > was maximized by positioning 

the center of the annular particle detector at l80° with respect to the 

beam direction. With this arrangement, (v ) was in the direction of • op 

the beam. Once <vo)^ had been fixed the dot product was maximized by 

positioning the Y-ray detector as close to'0° and l80° with respect to 

the beam as possible. 

The Y-ray detectors used were of the solid state p-i-n type. 

They were made from an ingot of p-type germanium drifted from five sides 

with lithium. The crystal was cooled to liquid nitrogen temperatures to 

maintain the p-i-n structure. A reverse bias of from -1500 to -2000 V 

was applied across the crystal to sweep out the electrons and holes pro

duced by energy losses of the Y rays to electrons in the crystal. 
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Experimental arrangement of the two-target chamber. 

The collimator arrangement for the downstream detector is identical to that shown for the 
upstream detector. The aluminum foil was 0.001 in. thick for 2-MeV deuterons and 0.003 in 
thick for 3-5-MeV deuterons. 
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Crystals were used which had volumes of 20 to Uo cm3, and a ratio of 

photo peak to total efficiency of approximately 3% at 1.33 MeV. The 

relative efficiency as a function of "Y-ray energy was measured up to 

approximately 3 MeV for each detector. A typical curve is shown in Fig. 

3. The procedure for obtaining such a curve is as follows. Several Y-

ray sources, each of which produced at least two Y rays of known rela

tive intensities, were selected to cover the energy range up to approxi

mately 3.0 MeV. Energy spectra were taken using the same geometrical 

setup as in the target chamber with the source replacing the target. 

The relative area under each peak vs. the energy of that peak was then 

fitted to a smooth curve corresponding to Fig. 3. The sources with 

their Y rays and respective relative intensities are listed in Table I. 

The detector resolution is related to the energy needed to 

create a hole-electron pair in the detector crystal and is the limiting 

factor on the system resolution. The capacitance of the detector and 

cable at the preamplifier input determines the noise in the preamplifier. 

These two effects together with other noise sources determine the system 

resolution. Under typical conditions in coincidence experiments the 

system resolution varied from approximately U keV to greater than 10 keV 

full width at half maximum (FWHM). The broadening of resolution could 

be caused by pulse pileup due to high count rates. However, after a 

period of time, all detectors exhibited irreparable broadening of reso

lution due to neutron damage in the germanium crystal. 

Timing information from lithium-drifted germanium, Ge(Li), Y-ray 

detectors is dependent in a large part on their charge collection time. 
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Fig. 3. Photo-peak relative efficiency vs. Y-ray energy. 

One point on the first-escape and one point on the second-es-
cape curves are also plotted. 
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Table X. Gamma-ray energies and relative intensities used in calculat-
ing relative photo peak efficiency curves. 

Source Energy (keV)a Relative Intensity 

133Bab 30.89 ± 0.18 
35.29 ± 0.18 
53.18 ± 0.0U 
79.60 ± 0.05 1 
80.997 * 0.006J 
160.66 ± 0.06 
223.37 ± 0.23 
276.1*6 ± 0.20 
303.08 ± 0.20 
356.27 ± 0.1U 
38U.10 ± 0.18 

329.0 ± 9.0 
33.9 ± 2.3 
3.78 ± 0.09 

6U.7 ± k.2 

1.21 ± 0.05 
0.803 ± 0.0U2 
11.61 ± 0.17 
29.75 * 0.29 
100 
14.18 ± 0.26 

2BNac 511.006 ± 0.002 
327^.55 ± 0.0U 

100 
55.25 = 100/(2 x 0.905) 

BOCod 1173.23 ± 0.0U 
1332.1*9 ±0.01* 

100 
100 

alNa° 1368.526 ± o.okk 
2753.92 ± 0.12 

100 
100 

£L 
Jerry B. Marion, University of Maryland Department of Physics and 
Astronomy, Technical Report 656 (unpublished) [ill. 

^Relative intensities (from Ref. a). 

°Relative intensities from P. M. Endt and C. van der Leun, Nucl. Phys. 
A105, 1 (1967) [12]. 

Relative intensities from Nuclear Data Sheets, Sheet NRC 60-5-2^, 
Printing and Publishing Office of the National Academy of Sciences, 
National Research Council [133. 
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Their collection time is in turn determined in part by the applied volt

age and the geometry of the drifted region in the crystal. In practice 

the best timing resolution which we could obtain was on the order of 30 

nsec Ft/Hi. 

The particle detectors us'ed were of the silicon surface barrier 

type. They were typically 300 mm3 annular detectors depleted to a depth 

of 1000 This depth was sufficient to stop 10 MeV protons. The de

tectors required typically +300 V bias, required no cooling, and had a 

very short charge-collection time. This short collection time meant 

that the timing resolution was almost entirely due to the charge-collec-

tion time in the Y-ray detector. The resolution of the particle detec

tor was much better than that realized under experimental conditions. A 

broadening by a factor of five of the particle peaks was caused by kine- v' 

matic broadening and by straggling of the particles in the protective 

covering over the- face of the detector. Resolutions obtained under 

experimental conditions were at best on the order of 100 keV FWHM. 

The collimation of the beam and the shielding of the particle 

detector are shown in Fig. 2. The beam was collimated to less than 0.1 

inches in diameter'by the series of apertures through which the beam 

passed. The final aperture in each case was a length of tubing which 

passed through the annular detector and made contact with the aluminum 

covering over the face of the detector. The tubing collimator and alum

inum covering served to keep both light and elastically-scattered beam 

particles from the detector itself. The two apertures which preceded 

the tube collimator were slightly smaller than the inside diameter of 

* 
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the tube. They were grounded so that any charge collected by collimat-

ing the beam would not be grounded through the shielding of the signal 

cable to the particle detector. The collimation by one particle detec

tor configuration limited the maximum uncertainty in beam direction to 

approximately ± 2.5°. However, when two such collimations were used in 

the chamber shown in Fig. 2, the maximum uncertainty in beam direction 

was reduced to approximately ± 0.65°. 

A block diagram of the electronics arrangement is shown in Fig. 

it-. Because of symmetry only one particle detector together with its 

electronics is shown. 

In the linear Y-ray leg, a low noise charge-sensitive Tennelec 

135 preamplifier converted the charge from the detector to a low imped

ance voltage output. A Tennelec 203 linear amplifier with a 0.5 to 1 

Usee integration time-constant shaped and amplified the pulses from the 

preamp to prepare them for the analog-to-digital converter (ADC). The 

amplifier also contained a pole zero cancellation and a base line re

storation circuit to reduce pileup effects at high counting rates. The 

unipolar output was automatically delayed 2.5 p<sec to permit the logic 

signals to be formed and to arrive at the linear gate before the linear 

pulse. A Northern Scientific Hoi digital .stabilizer, which employed an 

internal and external precision pulser, was used to provide both zero 

and gain stabilization in the electronics of the linear Y-ray leg. The 

pulse-height analyzer consisted of a Nuclear Data iSlF if096-channel ADC 

and a Nuclear Data 18014 102^-channel memory unit. 
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Fig. U. Block diagram of electronics used with two-target chamber. 

Only the electronics associated with one particle detector 
are shown. 
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An Ortec 109 preamplifier and an Ortec 1+10 linear amplifier in 

the linear particle leg served essentially the same functions as the re

spective components in the linear *y-ray leg. However, the Ortec ampli

fier did not have polo zero cancellation or base line restoration. The 

energy of the particle was analyzed by an Ortec *420 timing single chan

nel analyzer (TSCA) which set a window over a portion of the particle 

energy spectrum. The- resulting logic signal was used to gate and route 

the pulses in the linear Y-ray leg. 

The coincidence setup presented in Fig. U is of the fast-slow 

type. The use of lovt-level leading-edge timing on both the Y-ray and 

particle pulses produced logic pulses with the smallest deviation in 

time caused by variations in amplitude and rise time. These pulses were 

put into fast coincidence using a time-to-amplitude converter (TAC). A \ 

strobed single channel analyzer with a window width of typically 60 to 

100 nsec, was used to determine the coincidence interval and to convert 

the TAC output to a logic signal. This fast coincidence signal was then 

put into slow coincidence with each of the outputs of the windows over 

the particle energy spectra. The two-target chamber required one or 
t 

more of these windows for each particle detector. For each window there 

had to be a corresponding logical AND booc. The outputs of the AMD boxes 

were summed to open the linear gate and were sent separately to the mem

ory routing box. 

Before the recent developments in low-level leading-edge timing, 

we employed cross-over-pick-off (CPO) timing and a coincidence method of 

the slow-fast type. In this method a fast timing logic signal was 
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produced by setting the window of a TSCA over a portion of the particle 

spectrum. This logic signal was then put into fast coincidence with a 

Y-ray timing signal. The fast-slow and slow-fast methods are, in prin

ciple, not the same. A relative comparison depends on ratios of signal 

to background and particle to Y-ray counting rates. This comparison is 

made in Appendix B using typical experimentally-determined values of the 

above ratios. 

With the addition of the two-target chamber it was mandatory to 

have a routing box to sort out the Y rays which belonged to each target. 

In addition, the use of more than one window in each particle spectrum 

required a routing box to sort out the Y rays from a given target which 

corresponded to a given particle peak. Such a routing-to-memory box was 

designed and built by M. J. Wozniak, Jr. and the author. Complete de

tails of the logic and electronic schematics are given in Appendix C. 

Target Preparation 

Targets were prepared by the author using various evaporation • 

techniques on a variety of target materials and backings. The choice of 

target material for naturally occurring isotopes was made considering, 

ease of evaporation, stability of the .target material compound at high 

evaporation temperatures, and lack of isotopes in the target material 

with atomic numbers comparable to or lower than the target isotope. The 

target backing was chosen because of the stopping power of the material 

and the necessity of having a material with a high atomic number. Back

ing materials most commonly used were copper and tantalum. The copper 

backings, were cleaned in a dilute solution of nitric acid. Tantalum 
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backings were cleaned in a commercial chromic acid solution prepared for 

cleaning laboratory glassware. 

All target evaporations were done inside a .bell jar pumped down 

to approximately 10 Torr. The more abundant target materials were 

evaporated from a tantalum boat using resistive heating in the tantalum. 

Bare isotopes required the use of a Materials Research Corporation model 

V^-200 electron gun. A cross-section of the electron gun configuration 

found to be most generally satisfactory is shown in Fig. 5- This con

figuration permitted the tantalum dish to become exfcremely hot with the 

carbon crucible heating only by conduction from the tantalum dish. Thus, 

materials, which could not be done on the copper pedestal because of 

their.high heat conduction and high melting point, could be evaporated ' 

easily with very little carbon contamination. When a rare target mater- 1 

ial reacted with the tantalum during evaporation, the material loss was 

held to a minimum by placing a tantalum ring, approximately \/h inches 

in diameter x 3/32 inches in height, in the center of the tantalum dish 

and placing the target material inside this ring. Cleaning of the tan

talum dish and ring was accomplished by heating them up to working tem-
/ 

perature under vacuum with no target material in the dish. Table II 

lists the various target materials and evaporation parameters used by 

the author. 

The target thickness in jig/cm3 was determined by evaporating the 

target onto a backing of known mass and dividing the difference in the 

mass of the backing after evaporation by the area of the target. This 

method of determining the thickness of a target from its mass and area 
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Fig. 5. Electron gun configuration. 

The electron gun configuration,used to evaporate high melting point, high. heat concluction 
materials, is shown in detail. 



Table II. Target materials and evaporation parameters 

Filament Beam 

Tar- Target 
get Material Form 

Volt
age 

Cur
rent 

Volt
age 

Cur
rent Time 

Height 
of 
Back
ing 

Weight 
of 

Target 
Ma
terial 

Target 
Thick
ness 

(yg/cms) 

X1B 98.6$ en
& 

Amor- Boat 10 150 25 2.5 Large 100 
riched phous pulsed 
Boron-11 to 500 

19 F Natural 
0 

Powder Boat 10 200 10 15 Large 100 
Calcium- 200 25 ^50 
Fluoride 250 25 1000 

2°Mg Natural Metal Boat8, 10 100 10 15 Large 30 
Magnesium Turnings 110 15 60 

16o Natural Fused Gun 0.56 2000 0.15 20 10 Large 130 
Silicon- Quartz 10 20 
dioxide 

5*Fe ' <£>.2% Metal Gun 0.60 1000 0.35 Com 2.5 8 135 
enriched reduced plete 20 375 

1 Iron-5  ̂ from Evap
iron ora
oxide tion 

^oats were made from approximately 1 x 2.25 x 0.005 inch tantalum. (Thickness and area affect the 
temperature for a given current). 

Gun configuration shown in Fig. 5. 
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assumes a uniform thickness. It is therefore accurate only when the 

distance from the source of evaporation is larger than the diameter of 

the target. Accuracies as good as ± 5 jig/cm3 were achieved using a tar

get backing with an Eirea of 10 cm3 and a Mettler precision balance which 

was capable of weighing to better than 50 p-grams. 

Data Taking and Reduction 

A beam of accelerated particles was provided by the 2 MV and 6 

MV Van de Graaff accelerators of the University of Arizona*s Van de 

Graaff laboratory. The beam was energy-analyzed by passing it through a 

90° bending magnet. The magnetic field was monitored with a gaussraeter 

which was calibrated to energy units by using the 1.88l-MeV threshold of 

the 7Li(p,n)7Be reaction. 
/ 

The particle counting rates were monitored by scaling the counts 

through a window in the particle spectrum. For the two-target chamber 

this had to be done for both particle detectors using identical windows. 

Since the Y-ray counting rate was proportional to the particle counting' 

rate at a given angle, equalizing the particle counting rates from the 

two detectors served to equalize the y-ray counting rates from the two 

targets. The counting rates were adjusted by changing the ratio of the 

beam on the two targets. This was accomplished by first stopping the 

beam with the downstream target and then moving the upstream target into 

the beam until the desired counting rate was achieved. The intensity of 

the beam was then, adjusted until the Y-ray counting rate reached a maxi

mum permissible value. 
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Data accumulation was made in sets of not less than three runs. 

After each run the data which were stored in the pulse-height analyzer 
r 

were printed, plotted, and punched onto paper tape. The paper tape was 

later converted to punched cards which were fed into a CDC 6U00 computer 

for data reduction. After completion of the readout, the memory of the 

pulse-height analyzer was erased and a new set of data was accumulated. 

This procedure permitted us to do an experimental statistical-error 

analysis of the results of the runs to compare with a calculated statis

tical error. 

In practice the background in the region of a peak was fitted to 

a quadratic function by the method of least squares. After the back

ground was subtracted out the centroid of the remainder, within a small 

interval around the peak, was found. The centroid obtained in this way 

is proportional to (E ) 
Y meas 

Analysis of Errors 

Wozniak [l] has given a complete description of the calculated 

error of the centroid difference, 6(A<E„> The results of these 
' x Y meas 

calculations were compared with an experimental statistical deviation by 

computing the mean from three or more runs and then finding 

the standard deviation of the mean A(E . The calculated statist!-
Y meas 

cal error was computed using the sum of all 3?uns. In general the two 

errors in ME ) were approximately equal. In all cases the larger Y meets 

error was used. 

The error in the denominator of Eq. (lU), &(A(E^)q), has six 

possible sources: (l) the beam energy; (2) the position and subtended 
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solid angle of the particle detector; (3) the position and subtended 

solid angle of the Y-ray detector; (4) the angular distribution of the 

particles; (5) the Q-value of reaction X(a,b)Y; and (6) the masses of 

X, a, b, and Y. Errors due to the last two parameters are negligible 

compared to the others, and will therefore not be considered further. 

The error due to each parameter was obtained by finding the nmyiiwim pos

sible deviation in each parameter and then calculating the corresponding 

deviation in This deviation was assumed to be approximately two 

standard deviations. The standard deviation of A<E. > was taken to be 
Y o 

the square root of the sum of the squares of the standard deviations 

produced by deviations in the first four parameters. Table III gives 

typically adopted deviations in these four parameters and the resultant 

deviation in A<E^)q. In practice 6(A<E^)O) 2$ A<E^)q. Half of the 

error is due to the possibility of an angular distribution. This 1 

represents a change by a factor of five in the particle counting rate 

across the face of the detector. 

Finally, the relative error in is given by 

6<W> ;r6<a<VmeasM , 

When finding the centroids to calculate A<E^)ineas, the interval around 

the peak was varied in width to see what effect this- would have on the 

shift of the centroid. The width was varied from approximately the full 

width at one-tenth maximum on the peak, to a width which included all 

that could reasonably be ascribed to the peak. YJhen this change in 



Table III. Calculated deviations in the average initial recoil energy, and average relative 

full shift,A<E.y>o/Eo,clue to deviations in the parameters of the full shift calculation.81 

Parameter 
Maximum 
Deviation 

<Vo 
(MeV) 

Full Shift 
A<E ) 
To 
E 
0 

Percent 
Deviation 

in 
Full Shift 

Normal Calculation with no deviations. . None 0.861 0.01559 0.0 

Bean energy = 2.25 lieV. 
i 50 keV 0.873 

0.8*+8 
0.01672 
0.01646 

± 0.8 

Inner radius of annular particle detector = 
2 mm. 

+ 1 ram 0.857 0.01551 - OA 

Distance of one particle detector to target 
11 A3 mm. 

i 0.5 mm 
i/

\v
£
 

C
O

 
C

O
 

* 
.
 

O
 O

 

0.01655 
0.01662 

- 0.2 ' 
+ 0.25 

Angle between beam and y-ray detector = 2U0 ± l°- 0.861 
O.OI6U5 
0.01672 

— 0.8 
+ 0.8 

Angular distribution function (Outside of 
particle detector weighted). 

0.2 to 1.2 
(factor of 
6) 

0.851 O.OlSllO - 1.1 

Angular distribution function (inside of 
particle detector weighted). 

1.2 to 0.2 
(factor .of 

6) . 

0.873 0.01*58^ " + 1.5 • 

^The calculations were done for the fourth excited state in 
reaction which has a Q^-value of (U.37I1 - 1.309) MeV. 

20F produced by the l9F(d,p) 
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width had a significant effect on the shift of the centroid, a corre

sponding error was included in o(A<E ) Y meas 

The Error, &(Tp), Due to ̂ (^eXp^.). We will treat the error, 

6(FeXpt), as a wholly statistical error even though, as was seen previ

ously, there are components of ®(FeXp^) which are systematic in nature. 

The resulting error 6(tf) can be found directly from the curves in Fig. 

1 by reading the values of T corresponding to Fgx̂ ^, ± *$"eXpt) *>rom 

correct target thickness curve. 

The Error, 6(t^), Due to Uncertainties in Target Thickness, 

6(T). The uncertainties in target thickness have been discussed in the 

section on target preparation. The curves in Fig. 1 show the effect 

of ± 50 lig/cm3 on a 250 ixg/cra0 thick target of 19F. The error 6(T^) is 

the difference in T for a given Fe ^ read from the different target 

thickness curves in Fig. 1. This 6(tt) will also be treated as being 

wholly statistical. 

The Error,-6(T ), Due to Uncertainties in Stopping Power. SP 

Blaugrund et al. [10] have suggested that the nuclear and electronic 

stopping powers be multiplied by the constants f and f respec-» n 6 

tively. This was done to permit a better fit between calculations 

and experimental data. It was suggested that these constants might 

vary by as.much as 20% from unity. • The evidence is not conclusive 

so that we have taken f *= f = 1 to give the correct stopping 
en 

power. A variation in Fca^c results by letting f and f vary by 

20^. These curves are shown in Fig. 6. As is generally the case, 
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Fig. 6. Effects of stopping power uncertainties on Fc&^c for a solid 

target with a solid backing. 

Effect of a 20$ imcertainty in stopping power on F(T,|vo|)is 

plotted vs. T for a 375 JJ-g/cm2 target of 54Fe on a thick tanta

lum backing. |VQ|/C = 0.00^53 for the recoiling 6SFe nuclei. 
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Fe = fn ~ 0*^ and f - fft = 1.2 produce the largest variation in T for a 

given F. The error 6(T) is- obtained from the curves of Fig. 6 in ex-sp 

actlythe same way as ^(Tj) is obtained from the curves in Fig. 1. The 

error ®(TSp) is treated as being wholly systematic. 

Thus the total error O(T)' is given by 

6(t) = {[a(V]3
+.[6(V]a}4 

+ 6(V . (16)  

Generally the statistical errors in the mean lives are less than 10$, 

whereas the errors due to uncertainties assigned to the stopping powers 

are about 15 to 25$. 

Gas Backing 

In order to measure mean lives in the range 5 x lO-'1'" sec < T < .-13 * 

10""8 sec, it was decided to develop a method which used a gas backing 

instead of a solid material to slow down the recoiling nuclei, Because 

of experimental conditions it was necessary to have only one target and 

particle detector. However, instead of moving the Y-ray detector, a 

shift in energy was produced by changing the stopping power of the gas 

by varying the gas pressure. 

As before,the Doppler-shift attenuation factor, F, is given by 

the' ratio of the attenuated Doppler shift to the unattenuated Doppler 

shift. In the case where the mean energy, , is a function of 
V meas' 

the pressure, we can write F as 

<E (F)> - E 
F(T,P) = y • °  • <W> 
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The unattenuated Doppler shift, can be calculated from the de

nominator of Eq.. (lk), where position 1 is the position of the Y-ray de

tector, and position 2 is taken to be 90® with respect to , the 

average direction of recoil. 

A family of F(T) curves, calculated in the manner described in 

Chapter IX, is shown in Fig. 7* Each curve represents a different tar

get thickness at a fixed gas pressure. The pressure was taken to be 

small in order to emphasize the difference in stopping powers of the 

target and the gets backing. Because of this, these F(T) curves look 

"normal" only for zero target thickness or for very large target thick

nesses. For intermediate thicknesses, the curves become a composite of 

the two extremes. 

From these curves and E<i. (17}, it is clear that for a finite 

target thickness and for T > 10"11 sec, F(T) is less than 1. For ex

ample, from Fig. 8, the curve for a 100 vig/cm2 thick target of s*Fe has 

a maximum F(T > 10"X1- sec) =• 0.7. If we define F - F(T > 10~11secl 
max 11 P =0 

then Eq. (17) can be rewritten as 

[<E (p=O)> - <yp)>leas • A<e (P)> 
'W " P(T'P) = »/„ x 1 = • w„ s ' • (18) 

A<Ey>o A(Ey)( 

To be concise, we define A Fexpt s (A<EY(P)>MEAS)/ (A<Ey>q). The pro

cedure then is to measure AF ., calculate the F - F(T,P) curves, 
.max 

read ̂ F
eXp^. into, the appropriate curve, and read out the experimental 

mean life. 
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Fig. 8. Fcalc vs. T for several pressures in the gas backing. 

Fcalc^Ts!vo! ̂ vs. T for a 100 jig/cm3 target of 54Fe and for five different pres

sures of the gas backing, (vj/c = 0.00*163 for the recoiling 6BFe nuclei. 
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The Gas Chamber 

The geometry for the .gas chamber is shown in Fig. 9. The parti-

cle-detector-target arrangement with beam collimators is the same as 

that for one-half of the two-target chamber in Fig. 2. However, the 7-

rajr detector has been moved onto 'the beam axis to maximize the Doppler 

shift of the y rays. The targets for gas backings were typically four 

times thinner than those used with solid backings. However, the Y-ray 

detector was placed almost twice as close to the target, thus making up 

the difference in counting rates. The electronics setup is identical to 

that shown in Fig. U for the two-target chamber. Because <E,y(psO)) and 

<Ey(P)> were taken at different times, some care was taken in setting up 

the stabilizer and monitoring it for zero or gain changes. 

Target Preparation 

An important difference between the gas backing and solid back

ing methods is in.the preparation and mounting of the targets. The gas 

chamber requires that the target be on the downstream side of the foil 

which serves as the beam window to the gas cell. In practice the target 

was evaporated directly onto the downstream side of the window. 
/ 

The cleaning of the pressure'foil, evaporation of the target ma

terials, and weighing of the target are discussed in the section on 

solid backings. 

The choice of materials for the beam window to the gas cell, 

while having to be of a higher atomic number than the target, involved 

two additional contradictory considerations. The window had to be thin 

enough for the beam to pass through without extreme attenuation, and yet 
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Fig. 9. Experimental arrangement of the gas-backing chamber. 

Aluminum particle detector covering was varied from 0.001 to 0.003 in. in thickness as the 
deuteron beam was varied from 2 to 3.5 MeV. 
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it had to he strong enough to withstand a pressure of up to approximate

ly 20 atmospheres. The two materials chosen were tantalum with a ten

sile strength of approximately 150,000 lbs/in3, and havar, an iron-co-

balt-nickel alloy, with a tensile strength of approximately 250,000 

lbs/in3. Havar is manufactured by the Precision Metals Division of the 

Hamilton Watch Company. . 

. Mounting the foils to withstand the maximum pressure was criti

cal. When no shear forces are involved, the bursting pressure of a ves-
* 

sel is given by 

P»ax - A A"Sl1 T > («) 
max section 

where is the cross-sectional arfea of the wall, A-sec^±on is 

cross-sectional area of the vessel, and T is the tensile strength of the 
f -

material. For a spherically- and a cylindrically-shaped vessel, Eq. 

(19) becomes respectively 

(P } = gTTrt? 2tT , , 
K raax spherical ^ r .* {eiua' 

and 

(P Y - H feoM 
^'cylindrical " r > 

where t is the thickness of the wall. Unfortunately, it was not feas

ible to form a spherical foil. However, it was rather easy to form a 

flat foil into a cylindrical shape. 
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Destructive tests were made with various foils and curvatures to 

test Eq. (20b). The test consisted of epoxying the foil to a cylindri

cal surface which had a l/8 inch hole drilled in it, and then applying 

pressure until the foil burst. It was soon found that the best and most 

consistent results were obtained when the foil was epoxied to a concave 

surface and the pressure was applied so as to push the foil against the 

surface. The results of the tests were in good agreement with Eq.. (20b). 

Using a l/8 inch radius of curvature, 0.0001 inch havar foil held better 

than 225 lbs/in3 and 0.0005 inch tantalum foil held better than 1*50 

lbs/in2. 

Analysis of Errors 

The data reduction and error analysis for AF . = 
«qpt 

(A<yp)>raeas)/ (A<Ey>0) is the same as for FEX^_ described in the sec

tion for solid backings. Thus the contributions to AF . from statis-
. expt 

tical errors and from uncertainties in the calculations of the full 

shift are given by Eq., (15)» which can be rewritten as 

6(*W = , r6<A<V0h*^ (21) 

AFexpt A<Vmeas ~ A<V° 

However, the use of the gas backing requires that a third term be added 

to Eq. (21) to account for uncertainties in the pressure of the gas 

backing. 

Using the approximation of F(T) for electronic stopping only, 

given by Eq. (9) > we can write for the gas backing 
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F<T> " 5TTT > (22> 

where the product of oc times the density is approximately a constant. 

However, Eq. (22) is true only for zero target thickness. We can cor

rect for this in the region of T > 10"11 sec with the approximation 

p« ~ srfr > (23) 

where F has been indicated in Pig. 8. Since the pressure of the nicLx 

stopping gas is proportional to the density, we can write ofP = C, where . 

a is the stopping power constant of the gas, P is the pressure of the 

gas, and C is some constant. Substitution of this in Eq.. (23) for a 

gives ' 

F(T,P) =" g-TPT Fmax " ^ 

Thus 

6(p) = l£ 6P - C1F̂  6p - . I (25) 
Wp ® (c + PT) 3 F

MA* « P {5> 

From the definition of AF we can deduce 6(AF) to be 6(AF) = o(F ) -
IUSL3C 

6(F), where 6(F „ )n = 0. Therefore, using Eq. (25) we can write ntfilX Jr 

6(AF)P CF(T)33 T 6P 
AF " AF(T) F 3 P~ • v J max 



In practice 6p/p is at most approximately 2$. Thus for a mea

surement where T = a, so that F(T) » I = &(&F)P/AF is less 

than 1$ and can usually "be neglected. Therefore Eq,. (21) is usually 

sufficient with no correction added for uncertainties in pressure. 

The errors in T, ^(T^p) ^(T<p)j resulting from uncertainties 

in AF and in target thickness, can be obtained graphically from the 

F„AV - F(T) curves shown in Fig. 10. Errors in T, 6(T due to uncer-max sp 

tainties in the stopping powers of the target and backing are obtained 

from Figs. 11 and 12. The errors in T are obtained from these curves in 

the same manner as they were obtained from corresponding curves for a 

solid backing, as discussed in the first section of this chapter. 

Because of the normalization to Fme. variations in the stopping JUOX 

power constants, f and f t have opposite effects in the backing from < 6 XI 

those in the target, as can be seen in Figs. 11 and 12. We have there

fore chosen to split the errors in T, due to uncertainties in the stop

ping power, into two parts, 6(*rSp)target> obtained from Fig. 11, and 

^^sp^backing* oto-fcained Fig. 12. The maximum error in T is thus 

obtained by combining errors in T from the target and backing which re-
/ 

suit from varying the stopping power constants in opposite directions. 

The total error in T is then 

f>(T) = tt6(VDa + [6(TT)]a}^ + 6(TSP)TARGET + «(Tsp)baoklng . (27) 

As was the case with the solid backings, the statistical errors in the 

mean lives are generally less than 10$, whereas the errors due to uncer

tainties assigned to the stopping powers are about 15 to 25$. 
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Fig. 10. [F „ - F3 T VS. T for a solid target with a gas backing. 7HQX C&IC 

CFmax(|voj) - F(f,|vo| )3calc is plotted vs. T for three thick
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Fe nuclei. 
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recoiling 55Fe nuclei. 
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The gas chamber has been tested on the 2.6 x 10~XO sec mean life 

of the first excited state, in X70, and on the 5 x 10"9 sec and 7 x 10~xa 

sec mean lives of the first two excited states in 25Mg. Preliminary re

sults show good agreement with the accepted mean lives of these states. 

Tests using the mean life of l70 indicate that there was negligible ef-

feet on the measured mean life when the beam current was varied by a 

factor of more than 10. 



CHAPTER IV 

RESULTS 

The results of the measurements on end B5Fe will be pre

sented in the following sections. The mean-life measurements were made 

using the Doppler-shift attenuation method outlined in the previous 

chapters. A summary of the results can be found in Tables IV, V, VI, 

VII, and VIII. 

Excitation Energies in 20F 

A spectrum of protons obtained with a 2.25-MeV deuteron beam in

cident on a 250 vig/cm3 CaFg. target is/ shown in Fig. 13. We have studied 

Y-rays in coincidence with protons to the 0.66-, 0.82-, O.98-, I.06-, 

1.31-, 2.0^-, 2.19-, 2.96-, 3.^9-* and 3.53-MeV states in ^F. The en

ergies of these states are known to about ± 10 keV from magnetic analy

ses of proton spectra from (d,p) reactions. Recently the energies of 

some of the y-ray transitions among these states have been measured with 

uncertainties of less than 1 keV DA]. Protons to all of these states 

could not be resolved individually, and in fact Y rays in coincidence 

with protons to a cluster of states were usually observed. However, the 

good resolution of the Y-ray detector enabled us to identify the indi

vidual states from which the Y rays originate. The requirement that Y 

rays be in time coincidence with protons to a given state or a given 

cluster of states greatly simplifies the resulting spectrum, so that 

148 
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13. Proton spectrum from the 19F(d,p)20F reaction. 

This spectrum was obtained with the experimental arrangement of Fig. 2. Those proton 
groups resulting from calcium and from carbon and oxygen impurities in the target are 
also shown. 
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identification of Y rays with a given transition is relatively easy. 

For example, Fig. l*ia shows the very complex singles Y-ray spectrum ob

tained with 2-MeV deuterons on CaFg, and Figs. lUb, lUc, lUd, and lUe 

show spectra in coincidence with protons in windows labeled b, c, d, and 

e respectively in Fig. 13. From spectra such as those in Fig. lU the 

energies of some of the states in F have been obtained with a preci

sion of from 0.5 to 2.0 keV. The Y-ray energies were obtained from mea

surements made at 90° to the moving nuclei, and from the average of 

Y-ray energies measured at forward and backward direction with respect 

to the moving nuclei, so that no Doppler-shift correction was necessary 

in going from Y-ray energy to the energy difference between states of 

the transition. Also, in all cases, the decrease in Y-ray energy due to 

the recoil of the 20 F nucleus on emission of the Y ray was small com

pared to experimental errors, and was neglected. Energies of some 

states in ®°F are listed in Table IV. 

The energy calibration of our system was obtained by locating 

the peaks from 23Wa and s°Co sources in the singles spectrum. To check 

the accuracy of the energy calibration, the energies of annihilation 

radiation and of the 0.871-MeV Y rays from l70 were determined from 

peaks which appeared as chance counts in the coincidence spectrum. From 

a number of such measurements we conclude that the energy calibration 

could be in error by as much as 0.3 keV for a Y ray with an energy of 

900 keV. We have added this uncertainty directly to the statistical er

rors in determining centroids in order to obtain the errors quoted in 

Table IV. 
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Fig. 14. Y-ray spectra from the 9F(d,p) F reaction. 

(a) 7-ray singles spectrum with labeled impurity transitions, (b) - (e) y-ray coincidence 
spectra corresponding to the proton windows shown in Fig. 13. The observed transitions in 
F are labeled when they first appear. Each ordinate scale is from zero to an arbitrary 

number of counts. 
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Table IV. Energies of some levels in 30F. 

Energy (keV) 

Level This work Reference 1^ 

0.66 655.^ ± 0.5 656.3 ± 0.5 

0.82 822.6 ± 0.7 

0.98 983.^ ± 0.7 983.5 ± 0.7 

1.06 1055.2 ±0.6 1056.9 ± 1.0 

1.31 
/ 

1308.0 ± 0.9 ' 1309.1 ± 0.7 

2.96 296^.5. ±2.0 2966.0 ± 2.0 
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Branching Ratios in 20 F 

Table V shows our results for the branching in the decay of sev-

eral states in F. These results were obtained at only two or three 

angles, with respect to the recoiling nuclei, and are not true angular 

averages. However, none of the results quoted appeared to be sensitive 

to angle. The uncertainties are simply calculated standard deviations 

in the areas under individual peaks. The spectrum in coincidence with 

protons to the 1.31-MeV state showed a pealc at 0.66 MeV which seems to 

indicate that a small fraction of the time this state may decay through 

the 0.66-MeV state. However, as indicated in Table V, this conclusion 

is quite uncertain. 

Mean Lives of Excited States in 20F 

Fig. 15 illustrates the spectra, measured at about 2U° and 156° 

with respect to recoiling 20 F nuclei, of Y rays in coincidence with pro

tons to the 0.66-, 0.93-j 1.06-, and 1.31-MeV states in ®°F. These 

spectra were obtained with the collinear arrangement shown in Fig. 2. 

Dqppler shifts of Y rays from those states were deduced directly from 

these and similar spectra. However, the direct yield of the 0.82-MeV 

state in the (d,p) reaction with 2-MeV deuterons was so low that for 

this state Doppler shifts were measured for y rays from the cascade 

2.96 0.82 "* 0.0 MeV. The Doppler shift attenuation factors so mea

sured were then related to mean lives of the 0.82- and 2.96-MeV states 

by 

v - T0.82 f(tQ.82> " t2.96 f(t2.96> 
measured ~ ' ' 

0.82 " 2.96 
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Table V. Branching ratios of some levels in ^F. 

Level Branch Present work Previous results 

0.82 0.82 0 0.1(2 ± 0.01* 0.37a 0.25^ 

0.82 - 0.66 0.58 ± 0.06 0.63a 0.75b 

0.98 " . 0.98 - 0 * 0.95 0.90° 

0.98 "*.0.66 £ 0.05 5 0.10C 

1.31 1.31 "* 0 * 0.86" 

1.31 "* 0.66 ^ O.lU 

2.96 2.96 - 0 0.2*1 ± 0.03 

2.96 - 0.66 o.iit ± o.oe 

2.96 - 0.82 0.62 ± 0.06 

Reference 15. 

Reference 16. 

Reference 17. 
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Fig. 15. Coincidence spectra from the 9F(d,p) F reaction. 
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These spectra show the Doppler shifts of several transitions in^ F. Shifts such as these 
were used to determine the mean lives of-the various levels in. F. Each ordinate is from 
zero to an arbitrary number of counts. Spectra for the same transition have the some 
scale. VJl 
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The derivation of this equation is given in Appendix D. As can be seen, 

to obtain information about the 0.82-MeV state from this equation it was 

necessary for us first to measure the Doppler shift attenuation factor 

for the Y rays emitted in the 2.96 0.82-MeV transition. For the par

ticular case considered, *rg cĵ /Tq < 10" 2, so that the application of 

Eg,. (28) is trivial. 

. Since Doppler-shift measurements on the five lowest states were 

made with the proton vrindow over all five states a small correction was 

made to the results for the 0.66-MeV Y rays to account for cascades from 

the 0.82-MeV level. This correction was made using Eq. (28) and its 

magnitude was determined from the area under the 0.82-MeV peak in the 

coincidence spectrum, the measured branching ratio of. that state, and 

the variation with energy of the efficiency of the Ge(Li) crystal. The 

correction was about of the attenuation factor of the 0.66-MeV peak, 

m addition, the Doppler shifts of 0.66-MeV Y rays were measured in the 

case where they were produced in the cascade 2.0^ 0.66 00 MeV. This 

measurement was subject to a 12$ correction similar to the one described 

above because y rays from the cascade 2.l9.~t 0.82 ~V0.66 0.0 MeV were 

also present. 

Results of the Doppler-shift measurements are presented in Table 

20 
VI. The initial average velocities of recoiling F nuclei are listed 

in column 3; column U shows the measured energy differences between Y 

rays emitted in and opposite to the direction of these recoiling nuclei, 

and column 5» the Doppler-shift attenuation factor, is the ratio of col

umn If to the calculated unattenuated shift. The errors in column 5 
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Table VI. floppier shifts and mean lives in F. 

Energy-
Level 
(MeV) 

Method 
of Popu
lation 

<|-oI>p 

c 
AE 

(keV) F 

Tia 

(10-13 sec) (io"xa 

b 
1 

1 sec) 

0.66 Direct 0.00850 • 4.50 ± 0.15 0.1^8 ± 0.021 3 50 + 0.51 
- 0.39 

Direct 0.00951 lt.95 ± 0.11' 0.^73 ± 0.017 0 lin + 0.35 
- 0.35 

2.0^ 0.00781+ 3.29 ± 0.17 0.U06 ± 0.026 

Ave 

if 10 + °*70 
. 4,10 - 0.55 

0 r7 + 0.27 
3,57 - 0.2^ 3.57 

+ 0.73 
- 0.78 

0.82 2.96 0.00859 0.1T ± 0.18 O.Olk ± 0.016 * 50 • * 1* 

0.98 Direct 0.0083^ 3.oe ± 0.73 0.20^ ±0.051 "•». ii 
-

Direct 0.00936 1.65 ± 0.38 0.102 ± 0.02^ 

Ave 

« • > :  1 : 5  

12 Q + 3.8 
32,8 -2.lv 12;8 

+ 6.2 
- l*.l 

1.06 Direct 

Direct 

Direct 

0.00831 

0.00932 

0.00959 

16.52 ± 0.23 

15.32 ± 0.26 

17.33 ± 0.30 

Value Used 

' 1.0li6 ± 0.028 

0.888 ± 0.029 

0.993 ± 0.030 

F * 0.83 s 0.86 £ O.92 

1.31 Direct 0.00819 3.76 ± 0.5^ 0.195 ± 0.029 
10-6 ll'.o 

Direct 0.009^ 2.7^ ± 0.58 0.128 ± 0.028 in (7 +6.3 
17,7 - U.2 



Table VI. Doppler shifts and mean lives in 20 F (continued). 

Energy-
Level 
(MeV) 

Method 
of Popu
lation 

<l7ol>P 
c 

AE 
(keV) F 

a 
. T1 

(10"13 sec) (10"la sec) 

1.31 
(cont.) \ 

0.007C& 3.27 ± 0.62 0.201 ± O.OHO 

Ave 11 1 + k'1 
•LL,X - 2.9 • 

2.0^ -0.66 Direct 0.0078^ 19.^ ± 0.22 0.992 ± 0.028 * 0.32 £ 0.38 

2.19 -0.82 Direct 0.00776 19.09 ± 0.50 1.007 ± O.OMD * 0.39 * O.1J6 

2.96 Direct 0.00859 1*2.8 ± 1.6 O.967 ± 0.0U8 

2.96 - 0.82 Direct 0.00859 30.27 ± 0.70 0.9^ ± 0.033 

Ave - 0.952 ± 0.027 * 0.51 s 0.62 

3.^9 Direct 0.00701* ; > ik) > 0.9£ < 0.38 < 0.U7 

3.53 - 1.06 Direct 0.00702 31.35 * 0.^8 l.oeU ± 0.029 * 0.28 ^ 0.32 

^he errors in.the column marked TJ_ are the sum of uncertainties in T due to errors in the measure
ment of F and the measurement of the target thickness. 

The errors in the column-marked t2 include assumed uncertainties of 20$ in the atomic and nuclear 
slowing down powers of the targets and backings. 

VJ1 
oo 
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include both the statistical errors in column If and a 2.0$ uncertainty 

in the calculated full shift. Each of the values of F listed is the av

erage of several individual measurements. Column 6 shows the mean lives 

or limits, and their errors, obtained from our values for F. These er

rors result from the errors in F and from an uncertainty of ± 50 pg/cms 

in the target thickness. Column 7 shows the increased errors which in

clude a 20$ uncertainty in the calculated electronic and nuclear stop

ping powers used to obtain the mean lives from the F-values. Where lim

its are quoted, they correspond to an F-value two standard deviations 

away from our measured value. For the three measurements on the 1.06-

MeV level, the spread in results is much greater than the errors oi) the 

individual measurements. Since we do not understand this large spread, 

the limit to the mean life of this state was deduced by using a value of 

F two standard deviations below the lowest of these measurements. Re-

cently a measurement of the mean lives of F has been published Cl8]l. 

A comparison of their results with those presented here is made in Table 

VII. 

Mean Lives and Branching Ratios of 

Excited States in s5Fe 

A spectrum of protons obtained with a 3»50-MeV deuteron beam in

cident on a 375 us/cm3 thick S4Fe target is shown in Fig. l6. Doppler 

shifts have been measured for all but the 11th of the first twelve ex-

6 & 
cited states in Fe. The measurements were made with the two-target 

chamber shown in Fig. 2 using 375 p.g/cms thick targets of 64Fe enriched 

to 98.2$. Figs. 17 and 18 illustrate some of the spectra, measured at 

4 
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Table. VII. Comparison of present results with those published recently. 

Energy-
Level ' 

DSAM 

(10~X3 sec) 
Arizona 

DSAM 
-13 \ sec) (10' 

Reference 18 

0.66 •3 C rj + 0.73 
- 0.'78 

3.7 ± 0.6 

0.82 * k k  9 11 

0.98 m- 8  -i'i 
. 1 8  ±  U 

1.06 * 0.92 0.1t5 ± 0.13 

1.31 111 + 
•u~' - 2.9 

m
 

•H CO 

2.0*t ^ 0.38 0.37 ± 0.16 

2.19 ^ 0.^6 < 0.12 

2.96 £ 0.62 0.6 ± O.lf 

3.^9 < 0.U7 o.Mt ± 0.11 

3.53 £ 0.32 
t 

0.30 ± 0.15 

Soppier-shift attenuation method. 
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Fig. l£. Proton spectrum from the 54Fe(dap)S5Fe reaction. 
\S5, 

6 7 
Ep (MeV) 

This spectrum was obtained with the experimental arrangement of Fig. 2. Those proton 
groups resulting from carbon and oxygen impurities in the target are also shown. 
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about 2U° and 156° with respect to recoiling 66Fe nuclei, of y rays la 

coincidence with protons from respectively the first and second, and 

fifth through the ninth excited states in S5Fe. The results are pre

sented in Table VIII. As mentioned previously, each value of F listed 

is the average of several individual measurements. The errors in column 

6 are a result of the errors in F and from an uncertainty of ± 25 pg/cms 

in the target thickness, whereas the errors in column 7 include a 20$ 

uncertainty assigned to the calculated electronic arid nuclear stopping 

powers. Where limits are quoted, they correspond to an F-value two 

standard deviations away from our measured value. 

Because the first four levels were either zero shifted or very 

close to it, it was decided to measure these levels with the gas backing 

chamber, using a 50 pg/cms thick target of &4Te. Unfortunately because » 

of low counting rates and resolution problems the lUo8-MeV level could 

not be measured. The limits on T of the first three levels were set at 

T < 5 psec. These results are entirely consistent with the results of 

Table VIII using solid backings. 

While we did not make detailed measurements of branching ratios, 

i 
the following information can be derived from the Doppler-shift data: 

1. The 2050-keV level has approximately a 10$ branch to the 

931-keV level. 

2. The 2589-keV level has approximately a 30$ branch to the 931-

keV level. 



Table VIII. Doppler shifts and mean lives in gsFe 

Energy-
Level 
(MeV) Transition 

<|-ol>p 

c 
AE 

(keV) F 

a 
' T1 

(10~13 sec) 

b 
t2 

(10"13 sec) 

4ll 4ll -» 0 0.00470 0.4l ± 0.23 0.13 ±0.07 6.7 
+ 8.8 
- 2.6 6.7 

+ 10.1 
-3.8 

931 931 
"* 0 

0.00li63 0.67 ± 0.19 0.09 ±0.03 ' 9-8 
+ 5.7 
- 2.5 

9.8 
+ 7.9 
- 3.7 

1316 1316 - 0 0.00458 1.00 ± 0.40 0.10 ± o.o4 8.7 
+ 6.8 
- 2.6 8.7 

+ 9.1 
- 4.0 

1^08 l4o8 

l4o8 

- 931 

- 0 

0.00456 -0.8 ± 0.4 

-0.5 ±0.5 

Ave 

• 0.0 

0.0 

0.0 

± 0.12 

± o.o4 

± 0.038 
. 

> 11.5 > 10.0 

1918 1918 

1918 

- 4n 

0 

0.00449 10.96 ±.1.12 

13.83 ± O.69 

.0.96 

0.94 

± 0.10 

± 0.05 

- Ave 0.944 ± 0.044 < 0.24 < 0.32 

2050 2050 

2050 

2050 

- 931 

- to 

- 0 

o.oo4i$ 8.60 ± 1.9 

11.57 ± 0.56 

14.64 ± 0.58 

1.00 

0.93 

0.94 

± 0.22 

± 0.05 

± o.o4 

t 

Ave 0.937 ± 0.031 < 0.21 < 0.28 

2153 2153 

2153 

-1316 

- 931 

o.oo446 4.81 ± 0.43 

8.12 ± 0.68 

0.77 

0.88 

± 0.07 

± 0.08 

2153 - 0 13.78 ± 0.67 

Ave 

O.85 ± 0.05 

0.835 ± 0.036 0.28 
+ 0.06 
- 0.06 

0.28 
+ 0.15 
- 0.09 



Table VIII. Doppler shifts and mean lives in 5BFe (continued). 

Energy-
Level 
(MeV) Transition 

(I7O!>p 
c 

AE 
(keV) F 

Txa 

(I0"la sec) 

v . 
(10"1S sec) 

2212 2212 - iUo8 0.00^5 3.1 ± 1.2 0.52 ± 0.21 1.05 
+ 1.25 
- 0.58 

1.05 
+ 1.53 
- 0.75 

2301 2301 - 931 0.00^ «5 rj 0.50 ~ 1.1 

2i'r70 (2^70 -* 0)2nd O.OO1̂  17.6 ± 1.2 0.9^ ±0.07 

21+70 " 0 15.2 ± 0.6U 

Ave 

0.82 ± 0.0U 

0.850 ± 0.03^ 0.25 
+ 0.06 
- 0.05 

0.25 
+ 0.15 
- 0.08 

2589 2589 931 o.oo*Ao 9.0 ± 2.3 0.73 ±0.19 
• 

• 

2589 - 0 15.2 ± 0.88 

Ave 

0.79 * 0.05 

0.786 ±0.0^8 0.36 
+ 0.09 
- 0.08 

0.36 
+ 0.21 
- 0.22 

^he errors in the column marked TI are the sura of uncertainties in T due to errors in the measure-
* ment of F and the measurement of the target thickness. 

The errors in the column marked T2 include assumed uncertainties of 20$ in the atomic and nuclear 
slowing down powers of the targets and backings.. 



CHAPTER V 

DISCUSSION OF RESULTS 

The measurement of the mean life of a nuclear state, as was men

tioned in the introduction, is a sensitive test of the matrix element 

which connects its initial state to the final state of the transition. 

This matrix element is usually expressed through the reduced matrix ele

ment which is defined by 

B(o\) = (2J.+1)-1 S |<f|CC |i>|S , (29) 
Mi,Mf 

t 

where a is the type of transition, electric or magnetic, and 01 is the 

corresponding operator; \ is the angular•momentum carried away by the 

photon and n is its projection on the- z-axis; is the angular momentum 

of the initial state and is its projection on the s-axis; and is 

the z-component of angular momentum of the final state. The angular mo

menta, and their z projections and parities must satisfy the following 

selection rules: 

Ji + Jf * k & lJi " Jfl ' ' 

Mi - Mf = v (31) 

\ "f = C"1)^ for (32a) 

« -(-l)^ for crX = M\ (32b) 

. • 6 7  
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The transition probability of a given type between two states is related 

to the corresponding reduced jnatrix element by [19] 

TCaMI = * (̂ +1 • (33) 

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

Planck's constant in units of eV sec divided by 2", and c is the speed 

of light in units of cm/sec. 

Now, if we restrict ourselves to Y-ray decay only, the measure

ment of the mean life, 7^, of level k is equivalent to measuring the 

total transition probability, T^, of that level. In particular, 

« ~c (3*0 

and 

. k-1 . 
1 = .5. A > <35> 

i=0 1 

1c 
where the T ̂  are the partial transition probabilities of level k to the 

lower lying levels. A measurement of the branching ratios is a relative 

* k 
measurement of the T If these ratios are defined in terms of the 

transition of level k to level A, they can be written as 

- 3T (36) 
1 J& 

k * 
Thus T can be expressed in terms of only one partial transition proba

bility and the branching ratios by substituting Eg. (36) into Eq. (35). 

The result is 



69 

=TViC <37> 

The T^ are in turn sums of all the electric and magnetic imiltipole 

transition probabilities, a^^EX) and However, in practice, 

the intensity falls off rapidly with increasing Therefore only the 

lowest order in X, consistent with the selection rules given by Eqs. 

(30) to (32) for each type, is considered. The multipole mixing ratio 

is defined as the ratio of these two transition*probabilities by 

|6*' s • <38> 
T A(a\) 

Therefore, 

Tk4 = T^faX) [l + |6kA|a] . (39) 

Substitution of Eqs. (37) and (39) into Eq. (3^), with some rearrangement, 

gives 

(̂CX) = {T*[I • 16kx| •] g jj* (UO) 

as the a-type 2^ multipole transition probability of level k to level J&. 

All quantities in' Eq. (^0) can be measured; the are measured by a 

method such as the one described in this work, the 6 ̂  are obtained from 

angular correlation studies, and the branching ratios are obtained by 

observing the transitions in a Y-ray spectrum and comparing the areas 



under the respective peaks. It is these experimentally determined tran-
* • 

sition probabilities from Eq.. (Uo) which will be compared with the 

theoretical predictions from Eq. (33). For both ̂ F and s6Fe these com

parisons will be made to the extreme single-particle model or Weisskopf 

estimates. Also, in the case of '5SFe more realistic calculations of the 

transition probabilities have been done. These were made by Larner [.6"], 

using a version of the unified model. 

The Extreme Single-Particle Model. 

The extreme single-particle model assumes that the total momen

tum of the nucleus is J = I ± where A and £ are the orbital angular 

momentum and spin of the odd nucleon. Since on3y the lowest possible 

order of multipole is important we limit the discussion to X = AJ or 

AA a X, X ± 1. Parity considerations dictate that AJ6 = X for EX, tran

sitions and AX SS X—l for MX transitions. The resulting T(CTX) thus de

termined contain two undetermined factors, one of which is an integral 

which depends on the nuclear radial wavefunctions and the other is a 

statistical factor. To approximate the first factor, the wavefunctions 

are assumed constant over the nucleus so that the integral can be evalu-
t 

ated explicitly. For the statistical factor the usual convention is to 

set it equal to 1, which is equivalent to assuming ̂  « 0 so that X = 

The resulting EX transition probability is called the Weisskopf estimate. 

The corresponding MX transition probabilities are found by multiplying 

the TW(EX) by an inhibition factor which is the same for all multipole 

orders. 
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Because in the calculation of the Weisskopf estimates the radial 

wavefunctions are assumed to be constant, we expect that the resulting 

transition probabilities will be too large. For Ml transitions this has 

proved to be the case. Typical measured Ml transition probabilities are 

about one-seventh of the Weisskopi' estimates [20], Measured E2 transi

tion probabilities, however, are generally equal to or greater than the 

Weisskopf estimates [20j. This indicates that electric-quadrupole tran

sitions are not, in general, single-particle transitions, but result 

from collective motion of several particles. 

While the Weisskopf estimates are admittedly crude, they do make 

it possible to compare .the experimental results of one nucleus with 

those of another. D. H. Wilkinson [20 j has tabulated much experimental . 

data on transition probabilities and has plotted histograms of the ra

tios of to T^(CTX). This ratio, defined as 

is referred to'as the transition probability in Weisskopf units. These 

histograms, plotted' in Weisskopf units, permit the physicist to make a 

quick comparison of experimental results and to see systematic varia

tions of transition probabilities between different regions of the peri

odic table. Comparisons with these histograms will be made in the 

OQ c e 

discussion of the results of measurements on P and Fe. 

» (ia) 



72 

Measurements on 20 F 

Information about the properties of the low-lying energy levels 

of has been obtained mainly from angular distributions of protons 

produced in the 19F(d,p)20F reaction [21,22,23], from Y-ray spectra pro

duced by neutron capture in X9F [lU,l63, and from particle-Y-ray corre

lations of radiations from the reactions X9F(d,p)a°F and l80(3He,p)2°F 

[15,173. The latter reference contains a summary of most of the pre

vious experimental information concerning ^F. However, as discussed in 

detail by Bissinger et al. [17], the interpretations of these experi

ments are sufficiently ambiguous that spin and parity assignments for 

some of these states cannot be made with confidence. Attempts at theo-

retical interpretations of the structure of F are- rare, and have not 

been strikingly successful. Kurath [£*+] concluded that, in order to ex

plain the magnetic moment of its ground state, the low-lying levels of 

^F must be rotational states which have a mixture of K *= 1 and K = 2 

rotational quantum numbers. More recently, Gunye and Warke [253, using 

a Hartree-Fock calculation, predict a low-lying rotational band of 

states with spins of J a 2, 3, ̂  and 5. Halbert, McGrory, and Wilden-

thal [263 have estimated the quadrupole transition probability for the 

0.66 "* 0.0-MeV transition from a shell-model calculation with effective 

interactions. Their result is approximately the same as obtained from 

the Nilsson rotational model. 

Fig. 19 shows the energy level diagram of 20 F with known quantum 

numbers and branching ratios. A quantity which is uncertain is indi

cated by parentheses. Information concerning the properties of some of 

these states in ^F is presented below. 
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177" 

(MeV) 

3.68-
3.59„n__ 
3 53=40 rx 

3.49 

2.97 
2.87 

0.82 
0.66 

20-

9 11 

Fig. 19. Energy level diagram for the low-lying states in ^F. 

This diagram suinmarizes the known Y-ray decay schemes, spins, 
and parities. Branching ratios in brackets are from our 
measurements. 
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The 0.66-MeV Level 

According to Bissinger et al. [17] particle-Y-ray correlations 

and (d,p) angular distributions limit the choice of quantum numbers for 

*h 4* this state to 1 , 2 , and 3 • A recent, and as yet unpublished, mea

surement [27] of the vector analyzing power of l9F(d,p) reaction leaving 

30 
F in its first excited state shows that the transferred neutron has 

and therefore that the spin of the 0.66-MeV state is 2 or 3. 

From the angular-correlation data, the most probable values of multipole 

mixing ratios are: for J - 2, -1^6^ -3, and for J = 3, 6 = - 0.015. 

Combining our measured mean life for the 0.66-MeV state with a value of 

6 ^ - 1  y i e l d s  a n  e x p e r i m e n t a l  E 2  r a d i a t i o n  w i d t h  f o r  w h i c h  

r
eXp.j.(E2)/r^(E2) = |M(E2)|a ^ 3000, where is the single-particle 

width calculated from the equations tabulated by Wilkinson [20]. This 

ratio is unrealistic, and leaves only the choice ̂ (0.66 MeV) = 3+. The 

transition 0.66 MeV ground is then nearly pure Ml, and |M(Ml)[a = 0.3. 

Bergqvist et al. Cl63 found some indication that the l" state in 

30 F at 6.6 MeV decays through the 0.66-MeV state. The observation of 

this transition would be in contradiction with the conclusion that the 

0.66-MeV state is 3+. However, the Y rays from transitions from the 1" 

f 20 
state to several low excited states in F were not resolved, leaving 

N 

the possibility that the spectrum produced by neutron capture in this 

state could be interpreted in another way. 

The 0.82-MeV Level 

From previous work [17] and from recent, as yet unpublished, ex

tensions of that work [283, the most likely assignments for the spin of 
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this level and the multipole mixture of it's transition to ground are 

J = 2, 6 = 2.1, or J = ll. An assignment of J = ̂  to this level is not 

consistent with the (d,p) data [21], These (d,p) data also favor a pos

itive parity for this state. For J = 2+, 6 *= 2, our limit to the mean 

life gives |M(E2)| 3 ^ 100 and |M(Ml)| 3 £ 2 X 10"3. For J = k+ the 

ground state transition would be pure E2 and |M(E2)j ^ 120. 

The O.'98-MeV Level 

As indicated in Table V, we were unable to observe a previously 

reported transition from this level to that at 0.66 MeV. We find the 

limit for this transition to be ^ 5$. The spin of this level and the 

multipolarity mixture of the transition to the ground state in order of 

preference [173 are: J = 2, 6 = + l4.3> J = 3, $ *= - ll.U; and J = 1 

with a wide range of possible mixing ratios. If J = 2 or 3 and if the 

parity of the state is positive, the transition would be nearly pure E2 

and |M(E2)| *** 200. This is a very large enhancement. If the quantum 

numbers of the 0.98-MeV state were 1+ we could obtain |M(E2)|3 ^ 200, or 

|M(M1)| 3 s 2.5 x 10"2. If it were 1", |M(El)| 3 10~3 could be obtained. 

No definitive conclusions can be reached. 

The I.06-MeV Level 
t 

The quantum numbers of this level are most probably 1+ [l7], and 

a wide range of multipole mixtures are possible for its transition to 

the ground state, if the transition were all Ml the |M(Ml)|3 s §, and 

if it were all E2,' |M(E2)[3 ^ 2.5 X 103. The latter number is huge, and 

indicates that the multipolarity of the transition is predominantly Ml. 
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The 1.31-MeV Level 

Again in order of preference Cl7]» for this level, (a) JT = 2, 

6 = 0,0l4- or 1.9; (b) J = 1, 6 = - 0.7, or (c) J = 3, & = O.kZ. A 

strong transition observed to this state following thermal neutron cap

ture rules out choice (c). Results of (d,p) angular distributions agree 

and show that the parity of this state is positive. Alternative (a) 

gives |M(M1)| A = 1.3 x 10~3 or |M(E2)|S = 1*7 and |M(Ml)|3 = 2.8 x 10~3. 

For alternative (b), |m(E2)[s = 20 and |M(Ml)|3 = 9 X 10"3. 

For the excited states above 1.31 Mev only limits to mean lives 

were measured and hence not much information concerning the properties 

of these levels could be deduced. However, the observation that the 

2.96-MeV level decays to the 0.0-, 0.66-, and 0.82-MeV levels with com

parable intensities suggests that the spin of this level is 2 or 3. 

Measurements on ssFe 

Information about the low-lying levels of s5Fe has been obtained 

mainly from angular distributions of protons produced in the 

54Fe(d,p)e5Fe reaction [3*29,30j, from angular distributions of neutrons 

prpduced in the 5BMn(p,n)5SFe reaction [3l3> and. from particle-Y-ray 
/ 

correlations of radiations from the reactions S4Fe(d,p)B5Fe [32] and 

B5Mn(p,nY)55Fe [33]. A summary of the experimental work published on 

5SFe can be found in Nuclear Data Sheets [3^3. The energy level diagram 

of 65Fe with known quantum numbers and branching ratios is shown in Fig. 

20. Quantities which are uncertain are indicated by parentheses. 

Because of the lack of experimental multipole mixing ratios for 

g 5 
the transitions in Fe, it is difficult to make meaningful comparisons 

i 
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Fig. 20. Energy level diagram for the low-lying states in ssFe. 

This diagram summarizes the known y-ray decay schemes, spins, 
and parities. 
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with theoretical calculations. Where these mixing ratios are available, 

we have obtained the reduced Ml and E2 transition probabilities and 

Weisskopf estimates for those Ml and E2 transitions. These results are 

presented in Table IX. This table shows that except for the 2,222 

l.Ho8-MeV transition the Ml transitions are inhibited by a factor of 

approximately 30. This is greater than the usual inhibition by about a 

factor of three. Except for perhaps the I.U08 0.0-MeV transitions the 

E2 transition probabilities are enhanced over the Weisskopf estimates by 

about a factor of five to ten. 

In contrast to ^F, there have been many calculations made for 

S5Fe and other isotopes with N or Z s 29. Since these isotopes all have 

a closed shell plus one in either neutrons or protons, they are all 

suitable for shell-model-type calculations. Shell-model calculations 

t3>^>53 and. unified-model calculations [2,63, on B6Fe have been reason

ably successful in predicting spins, energies, and single-particle 

stripping widths. A comparison of the results of Refs. 2, 3* and 5 with 

experimental results has been made in Ref. 5. 

The more successful of these calculations were done using some 

version of the unified model. The model, as will be discussed here, was 

introduced by de-Shalit [353. In this mod.el an odd-A nucleus is formed 

by weakly coupling the nearest even-even nucleus to a single particle in 

its lowest orbit. To keep the model general, the wavefunctions of the 

core states were unspecified in nature. The purpose of this model was 

to provide a general formalism which would be applicable to any type of 

core excitation and would predict both the single particle and collec

tive properties of odd A nuclei. 



Table EC. A summary of Ml and E2 reduced transition probabilities and Weisskopf estimates deduced 
from experimental measurements. 

Transition 
(keV) 

^l(f13sec) 
Arizona 

«© 

Ref. 31 

' a 
©H.R1 

BTF41) OE v 'meas 

<eV> 
B<*U« 
<«V> B(M1)W 

B^expt 

B(E2)W 

931 - 0 5-8: l:9r + 0.1*0 0.98 s . r f f r  10- 161 ! TD 
0 033̂  U,UM-0.019 

1316 - 0 8-7 
- 2:J CO 0.96 228 

1U08 - 0 > 10.0 GO 0.U5 < 66.^ < 5.2 

2212 - 1̂ 08 1 05+ 1-0>- 0.75 
+0 ip**~ 0*15 
W - 0.12 1.0 io"2 

N „ + 1.U1 °-57 - 0.3U 
2U70 - 0 0 25+ °*25- 0.08 0 70+ °*70- 1.̂ 0 1.0 - ,+0.6, »--3 

1,:L-0.8 W T J G  
/-+0.029 ^ -o.ote m : 

2.589 - 0 N 7A+ 0.21 °-36- 0.12 A flJl*'* 0.28 
0.35 

1.0 6 + I x 10"4 
- 5 8o-51 %i 0 03 + U* ̂  -0.01 

« • « :  

^0.- (36), and branching ratios from Ref. 33. 
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The simplest application of this, model to ssFe would be to 

+ + couple a 2pn neutron to the 0 and 2 perfect vibrator core states of 

54 2 
Fe. This simple application predicts that the ground-state spin of 

eeFe is -f~ and that a raultiplet of states with spins 'k", jt~~ > and if 

will have an average energy equal to that of the 2+ core state in s*Fe. 

Furthermore, it predicts that an Ml transition from any member of the 

raultiplet to the ground state is absolutely forbidden and that the re

duced E2 transition probability for these same transitions is identical 

to that for the 2+ 0+ transition in 54Fe. It" is indeed encouraging 

that trends in 56Fe seem to follow these predictions. However, the ex

istence of Ml transitions to the ground state from most levels indicates 

that the core and particle states are more complicated than assumed in 

this example. , 

Thankappan and True CT3 have applied the model to IgCUg^ where 

the coupling is no longer weak. They used an interaction Hamiltonian 

with dipole-dipole and quadrupole-quadrupole terms. However, because of 

the closeness in energy of the 2p,, If , and 2p orbits, they included 
— Jj, X 
2 2 

all three as possible orbits for the odd proton. Using this model, they 

accounted for both the single-particle and collective properties of 6aCu, 

i.e., for both the single-particle stripping strengths'and E2 transition 

rates. 

Because B6Fe has the same number of neutrons as 63Cu has protons, 

and since the unified model has worked so well for 63Cu, we have made a 

comparison of several of the low-lying levels of these two nuclei. The 

results, which are presented in Table X, show a number of interesting 
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Table X. A comparison of energies, multipole mixing ratios, and reduced 
E2 transition probabilities for the low-lying levels in 63Cu 
and Fe. 

63Cu s8Pe 

Ji jf 

Tran
sition 
Energy 
(keV) 6a 

B(E2) 

(eSf4) 
* m 
Ref.' 7 

Tran
sition 
Energy 
(keV) 

6 
Ref. 31 

B(E2) 

(eaf 4) v m J 

Arizona 

i 
3 
~s 668 0.1 169 bn. 

5 
2 i 961 0.^7 l£6 931 ± 0.1(0 

i 3 
2 1327 CO 153 1316 00 

228 til 

•f lkl2. ks. 1U08 CO <66 ' 

aH. E. Gove, Phys. Letters 1+, 21+9 (19&3) [36]. 
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similarities, namely, that the B(E2) of the transitions from these lev

els to the ground state are all quite similar. As mentioned below the 

second \ state is believed to be found by lifting a neutron out of the 

f7 shell, and thus has a different character than the other low-lying 

states. 

Larner £6], using the same procedure as Thankappan and True [7], 

has calculated single-particle stripping strengths and reduced E2 tran-

6 S 
sition probabilities for levels in Fe. For core states he used the 0 

and 2 states of Fe. The odd neutron he considered to be in the 2p3, 
IF 

If., or 2p. orbits. The details of the formalism can be found in Refs. 
% t 

6, 7, and 37. Using this model, he has obtained good fits with the ex

perimental data to the energies, spins, and single-particle stripping 

65 
widths for the low-lying levels in Fe. Unfortunately, because many 

multipole mixing ratios have not been measured, the only which 

we can calculate to compare with the calculations of Larner [63 is that 

of the 0.931 "* O.O-MeV transitions. 

However, Larner C.383 has recently used his model to calculate* 

multipole mixing ratios and branching ratios. Using these together with 

his calculated reduced transition probabilities, he has calculated'mean 

lives for some of the low-lying levels in ,s5Fe. These calculated mean 

lives together with our experimentally determined mean lives are pre

sented in Table XI. In view of the difficulty of the calculations, the 

agreement of the calculated with the experimental mean lives is remark

able. 

Because the calculations predict only one -f" level at approxi

mately 1.2' MeV, -and" only one J>~ level at approximately 2.4 MeV, 
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Table XI. Comparisons of the mean lives obtained from the results of 
measurements on Fe with those predicted by the unified 
model. 

Level 
OkeV) 

Texpt 

(10-13 sec) 
Arizona 

Tcalc 

(10~13 sec) 
Ref. 38 

fcn £• „ + 10.1 
6"7 - 3.8 

If. 10 

931 ' o8 + 7,9 
- 3.7 

186. 

1316 Q rj + 9*1 
8 ' 7  -  h.o  " 16.7 

1918 < 0.32 0.67 

2050 <'0.28 1.27 

2153 °*28.- O!O6 0.20 



Larner [6] has presented arguments that the l.Uo8-MeV level and the 

2.212-MeV level, which decays only to the 1.^08-MeV level, axe at least 

partly lf7 hole states coupled to the core. Our results in Table IX, 

which show that the E2 transition of the l.Uo8-MeV level is probably not 

very enhanced, indicate that this transition might be single particle in 

nature. 



CHAPTER VI 

SUMMARY AND CONCLUSION 

The Doppler-shift attenuation method has become a very useful . 

tool in the investigation of the properties of nuclear states. In some 

cases it is the only method which can be used, that is, when the mean 

life to be measured is less than 10~xo sec, the lower limit for elec

tronic measurements, and also when the level does not decay to the 

ground state, thus ruling out Coulomb excitation and resonance fluor

escence measurements. Particularly appealing to the experimentalist is 

the coincidence version of the Doppler-shift attenuation method with its 

wide applicability and great enhancement of signai-to-noise. Using this 

coincidence method we are able, in principle, to measure the Doppler 

shift of Y rays from any nuclear state which can be populated by means 

of a reaction of the form X(a,b)Y* where particle b can be detected by a 

charged particle detector. 

The usefulness of this coincidence method, together with the in

troduction of the high resolution Ge(Li) 7-ray detector, were the incen

tives which prompted us to develop several experimental techniques which 

aid in measuring a large range of mean lives. Three of the most impor

tant were the calculation of the full Doppler shift, development of the 

two-target chamber, and development of the gas backing chamber. 

The calculation of the full Doppler shift, which has been de

scribed in detail by Ytozniak [l], permits us to measure Doppler shifts, 

85 
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with confidence, up to 90$ of the full Doppler shift. Because of the 

importance of this calculation a great deal of time was spent measuring 

known lifetimes which would produce an experimental full shift to com

pare with our calculation. A summary of these comparisons is given by 

Wozniak £l]. 

The two-target chamber was developed in order to eliminate the 

, effects of such sources of error as zero and gain changes in our y~va.y 

spectrometer system. This chamber has reduced the experimental errors 

to the point where the measurement of the Doppler-shift attenuation fac

tor in the range of 0.1 < FeXp^ < 0.9 is now almost routine. 

We have developed the gas backing chamber to extend the range of 

measurable mean lives beyond the range which can be measured using solid 

backings. In principle there is no definite upper limit to the mean t 

life which can be measured using the gas backing. However, it is not 

practical to use this method to measure mean lives longer than 5 x 10"*9 

sec, where electronic methods can easily be used. With these two cham

bers we are able to measure mean lives in the range of 5 x 10"9 sec ^ 

T s; 5 x 10~X4 sec. 
t 

We would like to point out one of the frustrations of making an 

experimental measurement which depends on other experiments or calcula

tions. While the errors in the Doppler-shift attenuation measurement 

are limited for the most part by the statistics of the experiment, the 

calculation of the mean life from the measured attenuation factor is de

pendent on the stopping power equations. These stopping power equations 

are uncertain for our region of interest by about 20$. Thus, while our 
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measurements normally have less than 10$. error, -we must increase the er

rors by approximately another 2Of0 to allow for uncertainties in the 

stopping power equations. This illustrates the need of low energy ex

perimental stopping power measurements. 

The methods which we have described have been used to obtain 

Doppler shifts from 10 states in and 11 states in ssFe. From these 

SO c c 
•we have obtained three mean lives in F and eight in Fe. Our F re

sults on transition probabilities are not in disagreement with the spin 

assignments or multipole-mixture measurements of Bissinger et al. £17 ]. 

In addition, oui1 measurements, combined with appropriate multipole mix

tures, indicate that the spin quantum number of the 0.66-MeV state is 3 

and that its parity is positive. Our results on ^F and their analysis 

strikingly illustrate the difficulty encountered in obtaining unambigu

ous information about the properties of levels in this nucleus. 

Our results on Fe are not as informative as they could be, be

cause of the lack of experimental information concerning the multipolar-

ities of the various transitions. At this time only general trends can 

be indicated. From comparisons with predictions of the unified model 

and comparisons with 63Cu, which is described quite well by the unified 

model, it appears that this model could be used for 6SFe, thereby great

ly simplifying shell model calculations.for this nucleus. In addition, 

Lamer's [38] calculations of the mean lives for the low-lying levels in 

5 B 
Fe using the unified model show reasonably good agreement with our 

measured mean lives. When the experimental multipole mixing ratios be

come available a more meaningful comparison with the predictions of the 

unified model will be possible and should prove to be quite interesting. 



APPENDIX A 

A * 

THE CALCULATION OF <r>^ 

The calculation of A(E^)o for the denominator of Eq. (l4), 

* 

&<Vo = <70>P • [TF>YL - <f>va] ' (A1) 

requires the vector (r)^. This vector is the average of all Y-ray di

rections, r, weighted by the efficiency per unit solid angle for the Y-

ray detector in the i^*1 position. This average, which contains all the 

geometrical information of the Y-ray detector, is given by 

^y = i J ^ = ** + (yt\ ^,+ ' (^) 

where N = J* dr p(r), and p(r) is the efficiency function per unit solid 

angle. The primed coordinate system is chosen so as to simplify the 

limits of integration as much as possible. 

Planes of symmetry in the Y-ray detector, if properly orientated 

can greatly simplify the calculation of <r>^ when the proper primed 

coordinate system is chosen. By inspection of Eq. (A2), it can be seen 

that if the primed coordinate system is chosen so that any two coordin

ate axes, lie in a plane of symmetry of the Y-ray detector, the average 

over the third coordinate vanishes. That is, (r)^ lies in the plane of 

symmetry. 
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Thus if a cylindrical or 

perpendicular planes of symmetry 

nate system can be chosen so that 

rectangular Y-ray detector with two 

is positioned in such a way that both 

planes of symmetry contain any tyo of the coordinate axes, (r)^ must lie 

along the intersection of the pliines of symmetry. Wozniak [l] has dis

cussed the calculation of (rX^ in detail for this case. In this appen

dix we will give a method for calculating <r>^ when the primed coordi-

contains two coordinate axes. Such a case is illustrated by the two-

target chamber in Fig. 2, where i 

paper and includes the beam. We 

tem such that the origin lies at 

lies in the symmetry plane of the 

at most only one plane of symmetry 

he plane of symmetry is parallel to the 

will choose the primed coordinate sys-

the target position and the x'-y1 plane 

Y-ray detector with the x1 -axis lying 

along the beam direction. 

Fig. 21 is an enlarged view of the Y-ray detector which illus

trates the limits of integration jfor spherical coordinates. For this 

case the z*-component vanishes and Eq. (A2) becomes 

01 
. p max • p 

< r >V=Nj0 l  
d 9 '  J f i ,  

e* 

min 

max 
d6*t(sin3 

min 

I 
0* 

Because 

1 coscp1) i + (sin0'sin<p') k] 

(A3) 

Since the integral of 0' is symmetric about 0* » tt/2, we can set 
0* 

max p max 
d0* =21 , d0 

0,
min J"/2 

ly, this last step increases the accuracy of the integration for a given 

Eq,. (A3) must be integrated numerical-

number of integration points. 

We do this numerical integration by the method of Gaussian Quad

ratures. The change of variables is as follows: 



Fig. 21. A three-dimensional view of the Y-ray detector crystal 

This enlarged view of the Y-ray detector crystal is shown in the geometry of the two- . 
target chamber. Planes of symmetry in the detector crystal as well 'as cp'. , cp' . and 
e' qv axe indicated. ^ 
max 
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Fig. 21. A three-dimensional view of the Y-ray detector crystal. VD 
o 



and 

e« - e« . 0* + 0* 
a, max mm „ . max nun />r-\ 
6 a " a xi + a ' <A5> 

where .the x^ are the Gaussian integration points which have a range of 

-1 < x^ < 1. These points together with their weighting functions are 

tabulated [393 for values of 11 up to n = 9^. We have chosen to use 

n = 5 so that there are five 0'., five 6%, and twenty-five P(9'. ,9*.,). 
I J I J 

These P(0,^jcP'^) are taken to be the thickness of the detector crystal 

as seen by a Y ray emitted at that particular 6'. and cp' 
3. J 

The method for calculating is as follows. The values of 

e^ax> ^ax 8X6 found Fig. 21. The Eqs. (A^) and (A5) are 

used to calculate the 0*. and 9%. These angles, together with a scale 
X J 

drawing of the detector crystal, are used to calculate the values for 

the p(0^,ipj). Finally, Eq.. (A3) is integrated numerically. 

For the limit of high energy y rays, the p(0.fjvp!) are found by 
3* J 

measuring the distance that a particular ray traverses in the crystal at 

that particular 9*^ and 9*^* The measurements are taken from an en

larged view of the crystal looking down along the -z* direction. Such a 

drawing is shown in Fig. 22. The tp*» are represented by lines and the 

0'^ are represented by arcs that a cone of a particular 0'^ will make as 

it comes through the surface of the detector. The dashed arcs are at 

the surface of the inner dead region. Since'the measured distance is a 
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MlN= 10 .5  

•*! 

-CORE 
(DEAD REGION) 

I cm 

SCALE 
Pig. 22. An enlarged top view of the Y-vay detector crystal. 

• Some ol* the integration points, 0' and tp' as well as 
cp' , and G' are indicated. Tmax' • max . 
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projection of the true distance onto a plane, the true distance is 

found by dividing the measured distance by cos (9'^ -(TT/2)). Table Xlla 

gives the distances measured from Fig. 22, where any distance traversed 

in the dead region has not been included. Table Xllb gives the cor

rected distances which are taken as the values of P(0,ij V-j)-

This procedure gives (r) in the limit as the Y-ray energy be-
• T 

comes very high. The low energy limit is found by setting all non-zero 

P(0%»9,.J equal to 1. The final value for <r> is chosen to be some-
1 J Y 

where between these two limits. 

The results for the high energy limit and low energy limit are 

given in Table XIII. The effective position of the "Y-ray detector is 

((n/2) > By) wbere R-y = arc^an L"(x') J* Tlie maeni'fcu^e is given 

by * 

I <*>YI = { [<x'>Y] + f • (a6> 

* 



Table XII. Measured and corrected distances traversed by a y ray in the detector crystal. 

Measured Distance 
(Relative) 

Corrected Distance = pfQ'.jtp1 
(Relative) 1 

X?1, 
0». X3 
i X 

*1 
12.1° 

9"2 
18.4° 

'3 
27.6° 

9\ 

36.8° 
'"5 
43.1° 

*1 
12.1° 

*2 
18.4° 

cpf3 

27.6° 
?*4 
36.8° 

'*5 
43.1° 

9'l . 
76.9°: 0.0 2.3 0̂.0 0.0 0.0 0.0 2.4 0.0 0.0 0.0 

9,2 ' 
79.5° 0.0 19.1 14.6 7.4 2.9 .0.0 19.4 • 14.8 7.5 3.0 

9'3-

83.1° 14.7 39.5 42.0 25.6 6.4 14.8 39-8 te.3' 25.8 6.4 ' 

9\ 
8,6.8° 14.7 39.4 ' 39.2 25.6 6.4 14.7 39-5 39.3 25.7 6.4 

0,5 
89.4* 14.7 37.7 25.1 14.0 6.4 14.7 37.7 25.1 14.0 6.4 

(a) (b) 
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Table XIII. Results of the numerical integration for the low and high 
energy limits, _____ 

Low Energy Limit High Energy Limit 

(x'Xy = 0.866 (xO-y = 0.887 

<yf>Y = O.U56 <y'>Y « 0.te8 

| <r> | = 0.978 j <r> | «, 0.985 

Hy = 27.8° = 25 .r 



APPENDIX B 

A -COMPARISON OF THE FAST-SLOW AND SLOW-FAST 

COINCIDENCE SYSTEMS 

In the process of changing from cross-over-pick-off timing to 

leading-edge timing we went from a slow-fast to a fast-slow coincidence 

system. An analysis follows which shows that, while the two systems are 

different, under most experimental conditions the difference is negli

gible . 

Fig. S3 gives the block diagrams of the two systems showing the 

counting rates in the various legs. The notation is as follows: The 
/ 

particle counting rate is R^. The Y-ray counting rate is The par

ticle rate through the window is R . 
w 

In the derivations which follow we will need the following addi

tional notation. The rate of particles through the window which are 

(are not) in true coincidence with a Y ray is RpY (RP°), The rate of 
• 

particles not through the window which are (ate not) in true coincidence 
M M ,  

with a Y ray is RpY (Rpo). The rate of Y rays not in true coincidence 

with a particle is R°Y. With these definitions the following equations 

result; 

Ry = RPY + R^ + R°Y , (Bl) 

R p  ^ R^+RPY+R^+RP 0  , (B2) 

\ = RPY + RP° . * - . .(B3) 

96 ' 



FAST 
COINCIDENCE 

R FAST 

R P Rw 
WINDOW 

Rw 
WINDOW 

SLOW 
COINCIDENCE 

R FAST-SLOW 

R-

Rp Rp 
WINDOW WINDOW 

FAST 
COINCIDENCE 

F 

R SLOW-FAST 

Fig. 23. A block diagram of the fast-slow and slow-fast coincidence 
systems. 

T is the time resolution of the coincidence circuit. 
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Taking the chance rate to be two times T, the resolving time of 

the coincidence circuit, times the product of the two rates in coinci

dence, we obtain 

Rfsst = kPY + R̂ Y + 2t
f R0Y[Rp0 + K®°] , (Bit) 

^fast-alow = RPY + ETF H°Y rP° + 2TS rP°CsPY + 2tF r°Y r5°^ <b5> 

and 

R8low-fast = RPY + 2TF *P°TEPY + R°Y] . (B6) 

The difference in rates between Rfast.«.lov, and Hslow.fast is then 

AR = 2 RP° R Ŷ[TS - TP] + UTG TP RP0 R °̂ R°V . (B7) 

Under typical conditions R^ » 200 cts/sec, RpY » TAC rate ̂  100 cts/sec, 

Tg 5 x 10~7 sec, T =" 5 x 10-e sec, Rpo ~ 15,000 cts/sec, and R°V -

10,000 cts/sec. Using these values in Eq. (B7) gives AR 2 x 10™3 

cts/sec. 

However, this .calculation is experimentally unrealistic because 

it has not taken into account the finite dead 'time of the window. This 
H M 

finite dead time results from the fact that if a count from RpY or R^0 

reaches the window before a count from Rpo, the window is occupied, re

jecting the count from R^ ot 9 and ignores the count from Rpo. Thus 

the rate AR of Eq,. (B7) must be reduced by at least a factor of two. 

Talcing AR ̂  10""3 cts/sec means that for a ho$6 channel ADC ap

proximately 10"3 cts/channel per hour, on the average, will be stored. 



At this rate it would take approximately 100 hours to get an average of 

one additional count in each channel due to the use of a fast-slow over 

a slow-fast coincidence method. 



APPENDIX C 

A DESCRIPTION OF THE "AND", "OR" AMD wROUTING-TO-MEMORY" BOXES 

The circuits to be discussed use almost "entirely electronic 

logic circuits. Therefore logic diagrams will be used frequently to am

plify the discussion. Fig. 2h gives the basic logic and logical symbols 

to be used in the 'following discussion. 

The Rout in g-to -Memory Box 

The routing-to-memory box performs three separate functions of 

digital gain conversion of the ADC output address, touting of this ad

dress to various block address select6rs, and selection of blocks of ad

dresses to be stored in the memory. These basic functions are shown in 

block form in Fig. 25. 

The digital gain conversion section takes the twelve binary bits 

from the ADC and gives out the 22-k most significant bits, where k = 0 

to H is the position of the digital gain conversion switch. This serves 

to reduce the k0$)6 maximum input address to hOSS/Q̂  by, in effect, add

ing every set of 2̂  channels together. 

The block address selector looks at any one of 16/2̂  consecutive 

blocks of 256 addresses to see if the address from the digital gain con

version selector falls within that block. If it does and if the routing 

conditions have been met by the external routing signals, a count is 

added to a channel in the quarter of the memory which is governed by 

100 



Fig. 2U. Basic logic and logical symbols. 

Left side: three logical operations, a combination of 
these operations known as de Morgan1 s theorem, and the 
corresponding truth tables are shown. 

Right side: two logical symbols which represent two of 
the basic logical operations together with four combin
ations of these symbols and the operations these com
binations represent are shown. 

A signal is "true" or "yes" when in the higher voltage 
state, and "false" or "no" when in the lower voltage 
state. 

/ 
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A = Not A 

I;o A 
T 

Yes 
Yes Mo 

A-B = A AND B 

A Ho Yes No Yes 
B No No Yes Yes 
A*B Ho !io lio Yes 

A+B = A OR B 

A .No Yes No Yes 
B No No Yes Yes 
A+B No Yes Yes Yes 

De Morgan's Theorem 

AvB « X+B 

A No Yes No Yes 
B Ho No Yes Yes 
A Yes No Yes No 
B Yes Yes No No 
A-B Uo No No Yes 
A*ii Yes Yes Yes No 
X+B* Yes Yes Yes No 

Logic Level Voltages 

Yes = High Voltage 

No = Lovr Voltage 

A 

B 

A 

B : E7E = 

A+B 

A 

A.B 

A«B = 

A+B 

Fig. 2 k ,  Basic logic and logical symbols. 
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CB 

Pi Ra P3 Pi 

1  ̂ Jf 
External 

Routing 

Selector 

Section 

One - a 

A D C  

Addresses from 

1 to U096 

TM' and CLOCK 

CB 

Digital Gain Conversion 

at Position k = 0 to U 

Addresses from 1 to 0̂96/2* 

I 
Block Address Selector 

• Yi Ya Ya Y4 

"PP " 

"Pi" 

. "P3" 

'Pi' 

External 

Routing 

Selector 

Section 

One - b 

"Pi "-YX "P2 "«Ya "P3M.Y3 "P4 "* Y4 

External Routing Selector 

Section Two• 

A \ t y ' 
First 
Quarter 

Second 
Quarter 

Third 
Quarter 

Fourth 
Quarter 

102U Channel Memory 

Fig. 25. Functional block diagram of routing-to-memory box. 
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that block address selector. The address of the channel in the 256-

channel quarter of the memory is the sane as the relative address in the 

block of 2po addresses seen by the block address selector. 

The external routing selector permits a count to be stored in 

the i^1 quarter of the memory if an address appears in the proper block 

of the i^ block address selector and a routing pulse has appeared at 

the proper routing input. For'the first position of the external rout

ing selector switches, this routing pulse must appear at the i^h input. 

Other positions permit a count to be stored if routing pulses appear at 

the first or second inputs, or at the third or fourth inputs. 

To facilitate the reading of the diagrams which are to follow, 

Fig. 26 gives a block diagram of the routing-to-memory box with each 

signal indicated where it appears in the circuit. Reference to this 

figure while looking at each individual circuit will help keep in mind 

what that particular circuit does. The signals, as they leave or enter 

the box or the circuit board, and their logical yes and no voltages, are 

given in Table XIV". 

The digital gain conversion selector consists of a 12-gang, 5-

position switch. The logical wiring of the switch is shown in Fig. 27. 

The outputs are the wipers of the switch. The signal in the î *1 column 

of the row is the signal which appears at the wiper when the 

switch is in the î 1̂ gain conversion position. 

The block address selector consists of four logic-level conver

ters and .inverters, four U-gang, l6-position switches, and four U-input 

AND circuits. The î *1 block* address selector is shown in Fig. 28. The 



10U 

Fo to_Fi 1 
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Logic Level 
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Block Address 

Digital Gain 

Selector 

Fig. 26. Signal block diitgram of routing-to-memory box. 
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Table XIV. Signals with their routing and logical voltage levels. 

YES WO 
Signal From To Voltage Voltage 

Fk ADCa DGCSb + 8 - 1+ 

K1 to 7 
DGCS Memory + 8 - if 

1 k 
DGCS boardc ' + 8 - it 

k . 
board BASSd 0 - If 

"v~" 
Fk 

board BASS 0 - k 

SiJ 
BASS board 0 

BNC 6 board 0 - k 

P. and P. + p. 1 X J 
board ERSSf 0 - k 

rtp ;; 
*i 

ERSS board 0 - If 

^8 and 9 
board Memory + 8 - U 

Clock ADC board + 8 - if 

TM1 ADC board + 8 - If 

CB ADC board + 8 - If 

Set ALT board ADC + 8 - If 

Analog-to-Digital Converter 

^Digital Gain Conversion Switch on front panel 

cCircuit board 

^Block Address Selector Switch on front panel 

e. 
BNC connector on front panel 

f 
External Routing Selector Switch on front panel 
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Position 

T 
Gain 
Conversion 

Input 

Fp to Fi i 

and -Uv 

It 096 20^8 102U 512 

Fo 

Fi 

F2 

F3 

F4 

Fs 

Fe 

F7 

Fa 

Fg 

Fi, 

Fi: 

Fi 

Fs 

FA 

F4 

FB 

Fe 

F? 

Fa 

Fo 

FI< 

'ii 

F3 

F3 

F4 

FB 

Fa 

Fv 

Fa 

Fa 

F10 

F11 

F3 

F4 

• F5 

Fe 

Fv 

Fa 

Fg 

F10 

F11 

-Uv 

256 

F4 

FB 

Fe 

FT 

Fa 

Fe 

Fi, 

Fxi 

Output 
Signal 

Ko 

Ki 

K2 

K3 

K4 

KB 

Ka 

K7 

"Fg11 

»u' tl ifio 

"t? I'll 

Fig. 27. Logic diagram of digital gain conversion selector. 



107 

"Fa" to "Fx'i" Logic Level 
Converter and 
Inverter 

"Fa " to "Fi i " .L and. "Fa" to "Fn" 

Position 
• th „ 1 r>loc 
Selector 

k Address 
Switch 

Beginning of 
Address Block 

1 * njr " 
£e '% V tlTT t 

*10 "Fi 1 1 

2 "Fa " "F9 " Itri » F10 "Fi 1 257 

3 "Fq » "F0" llci 1 Fxo "Fi 1 513 
. 1+ "Fa " "Fs " «n, 1 Ho "Fi 1 .769-

5 "Fq " "Fa " up 1 *10 "Fi *t 1025. 

6 "Fa " "Fo " "Fi 0 1 "Fi 
11 1281 

'7 "Fq" "Fg " "F101 "Fi V 1537 
8 "Fa " "Fo " "F10 " "FL I 1  

1793 

9 "Fa " "Fo " "Fxo " "Fi 1) 20U9 

10 "Fq " "Fa " ;FIO" "Fi V 2305 

11 "Fa " "Fg " "FI 01! "Fi I f  2561 

12 "Fe " "Fs " "F10" "Fi tl 2817 

13 "Fs " "Fe " 

• 0 
£
 "Fi 3073 

' l'l "Fa " "Fg " •"F10" "Fi ft 3329 

15 "Fb " "Fo " "F10" "Fi 
t? 3585 

16 "Fr " "Fo " "F] ?' 1' 8̂Ul 

Output 
Signal 

s° 
1 

S® 
1 

si° 
1 ' S" 

I 

Fig. 28. Logic diagram of block address selector. 
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positions of each selector switch are meaningful up through US/2̂ , where 

k = 0 to U in the position of. the digital gain selector switch. 

The first section of the external routing circuit is shown in 

Fig. 29. This circuit takes the pulses, p7, from the front BNC connec

tors if the analyzer is not busy,' converts them from pulses to d.c. lev

els, and makes sure only one P̂  is set to a logical one position. 

The R-S flip-flop is an unambiguous type, i.e., both inputs high 

leave high and low. However, if two inputs do not overlap 

completely the flip-flop will set to the position which was high last. 

Since it remains set after the pulse is gone, this flip-flop is the ele

ment which converts the input pulses to d.c. levels. 

The signals, P̂ , Pg, P̂ , P̂ , + P2> Pg + are sent to the . 

external routing selector switch on the front panel. These two switches t' 

are of the 2-gang, 5-position type. The switching diagram gives what is 

connected to the wiper output, "P̂ "» in any given switch position. The 

"p^,J are sent back to the circuit board and are used in the second sec

tion of the external routing circuit. 

The second section of the external routing circuit, shown in 

Fig. 30, decides whether or not a count should be added to the memory. 

If so, it tells the memory to store the count and in which quarter of 

the memory it should be stored. The memory is told to store a pulse 

unless Set ALT is true. Set ALT is true when 

(("Px"- Y^+C'Pg" • Y2)+("P3" • Y3)+(%" * V0)- (CLOCK) • (TM») 

is true. 
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Fig. 29. Logic diagram of external routing selector section I. 
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Logic Level 
Converter 

Logic Level 
Converter 

Logic Level 
Converter 

CLOCK 

CC'Pi "»Yl )+("P3"»Y2 j+ 

("P3".Y3)+("P4n.Y4)Ju 

Set ALT 

Fig. 30.- Logic diagram of external routing selector section II. 
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The "AND" and "OR" Boxes 

Fig. 31 shows the logic diagrams of the four 2-input AND circuit 

and the 5-input OR circuit. Note that the inputs to the AND circuits 

must be d.c. coupled. If they are not, they will float at a logical 

high level. An a.c. coupled input may be used by terminating it in 50 

ohms. This makes the input stay at a logical low level. The d.c. out-
l 

puts of the AND circuits are compatible with the input requirements of 

the OR circuity The a.c. outputs of the AND circuits are compatible 

with the inputs of the routing-to-memory box. The pulser input on the 
I 

OR circuit must be terminated in 50 ohms when it is not used. 

Fig. 32 shows the schematics of the Motorola MDTL integrated 

circuits and logic level converters. The circuits use two types of in

tegrated circuits, the 830P, a two 4-input nand gate, and the 8*46?, a 

four 2-input nsnd gate. The logic level converter from +8v, -Uv to OV, 

-4v is identical to the logic level converter from OV, -^V to +8V, ~4v 

with the exception that the collector voltage of the former is OV, while 

the collector voltage of the latter is +8v. Note that these logic level 

converters also invert. Note also that the nature of the integrated 

circuits makes them high impedance devices in the logical one state, and 
i 

-low impedance devices in the logical zero state. Therefore, if an out

put in the logical one 'state must drive a low impedance device such as 

the logic level converter, then the output must be connected by a resis-

tor of approximately 500JI. to the logical one voltage. This has the ef

fect of lowering the impedance of this output in the logical one state 

to the impedance of the resistor. 
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Fig. 31. 

R + S + T + V +  P u l s e r  

Logic diagrams of the four 2-input AND circuits' and the 
5-input OR circuit. 
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Fig. 32." Schematic digrams of a logic-level converter and two 
. integrated circuits. „ 
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The schematic diagrams of all three circuits are given in Fig. 

33. Fig. 3̂ + shows the position of all integrated circuits and transis

tors as seen from the top of the circuit boards. 
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APPENDIX D 

THE MEAN LIFE CALCULATION FOR A LEVEL WHICH IS POPULATED 

BY TRANSITIONS FROM ABOVE 

In the process of measuring mean lives by the Doppler-shift at

tenuation coincidence method, the situation often arises that a level, 

upon which a measurement is being made, is fed wholly or in part by an 

upper level. When the upper level has a very short mean life this situ

ation presents no problem. But when the mean life comes within a factor 

of ten of the mean life of the level that is being measured, a correc

tion must be made in the measured attenuation factor, F , * meas 

Let us first assume that level 1, with an original population of 

NQ, decays entirely to level 2. Further, let us assume that this is the 

only method of populating level 2. Since the decay rate from a given 

level is proportional to the instantaneous population of the level over' 

its mean life, we can write 

,d Ml(tV Nx(t) 
V. « " 

T1 
(Dl) 

and 
,aN,(tV k (t) 

-3 - - V • « 
Since Eq. (Dl) represents the only change in the population of level 1, 

it can be integrated to give 
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-t/T 
- Hq e X. 

Thus 

,AHL(T). _ NO -T/TX 

V CK Jl-2 ~ ' T E 

Therefore the rate of change in the population of level 2 

dN2(t) d̂-M2(tK 

dt ~ V dt /1~2 + \ dt / dt /2-3 * 

where 

/* N (t)v ,d N.(tX 

H|—-U = -C-TK— 

Using Eqs. (r6) and (D2) in Eq.. (D5) gives 

«o(t) , N -*/\ 
-ah- 4V') - 7T e • 

1 

Eq. (D7) is of the form 

f| + P(t) Y = Q(t) , 

which has a solution of the fonn 

_ e"^Pdt 1 S e"JPdt dt + cj 



Noting that N2(t) = 0 at t =0, the solution of Eq. (D7) is 
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TpN r -t/T- -t/TRT-; 
le e j • . (d1°) 

Thus from Eq. (D2) we have 

_ A_ r„"t/Ti e-t/T2i ,mi, 
\ dt /2-*B " " ̂ -Tg L " e J • (D11) 

The definition of the attenuation factor from Eqs. (3) and (10) in Chap

ter II is 

F = f f « (- 30 V(t)v  ̂ ' <«*> 
° o 

Substitution of Eq. (Dll) into (D12) gives 

F2-3 ~ T2"T1 T̂2 -,T1 P̂ l>} * (D13) 

In practice, and F(T )̂ are known, is measured, and is found 

graphically from 

rF2-3 " . T
2 = T1 [pĝ  - F(Tg)J • <»*) 

In the case where level 2 is fed directly by a fraction P̂  as 

well as a fraction by a cascade, the measured energy shift is given 

b7 
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AEmeas = PD iED + PC AEC ' <D15> 

where PD + Pc = X. The shifts AEp and AEc are given by 

AE 

*Efull 
e F . (Dl6) 

Thus 

AE— = P» FK V + F= ' (D17) 

where Fc = F2~3 given by Eq. (D13). Substitution of Eq. (D13) into 

(D17) with some rearrangement gives 

T T J^eas " PD W " *C W «W ^0. 
2 ~ 1 Heas " PD W %,! " pc W ' ' 

Note that when P_ = O Eq. (Dl8) reduces to Eq. as it should. 
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