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- ABSTRACT

p This research .dealt with the measurement of Q;

e

/

_audbnanosecond nuclear lifetimes using the pulsed beam

delayed-coincidencé techniéue. Measurements were
performed on isotopes in the “f’g— shell and specifically
the isoﬁopes of Titanium and vVariadium. Expefimental
investigations were also puf%ued in:two other isotopes,

33 654n. Several new lifetimes were determined

Ni and
and confirmation was obtained for some previous values
which were measured ‘with different techniques. More
information was also obtained on.certain devels where
previous results are £§>disag;eément. . ¢

A new techhiquéghas been developed to provide .
'simultanéous data acquiSitxpn of both delayed and bromptl
time distributionsf The ¢entroids of the prompt time
distributions were used to define the so-called prompt
time centroid curve. The Centroid'Sh;ft‘technique was
employed to calculate the lifetimes,from thé centroid
shifts of the delayed time distributiogé with respect
to the prompt time centroid curve at the appropriaté
energies. - Additional 'prompt reference y-rays weré *
obtained by using a second target. For this purpose,
,& two-target rotating systemnwas-déveloped: The system
has the electronics.capable of roqting into separate

regions of computer memory, information obtained from
r

each target. Thus errors introduced by background

iv



Subtractions are minimised since the peak to background

/

ratio is not adversely affected by the presence of the

,second target.
A major part of the work involvéd the improve-
ment of the time resolution and study of the timing
-properties of coaxial Ge (Li) detectors. ‘The.significant
impro;ement in -the time resolution was achieved through‘
the development of the Triple‘Constant Fraction Discrimji-
nator, an electronic circuit designed to improve the
time_resolutioﬁ'by a pulse shape discrimination technique.
The improvement in the time resolution leads to greater
accuracy in'the determinations of the centroids of the
time distributions, whiéh-is the main limitation of the
Centroid Shift techniqae for measuring lifetimes in the

tens of- picosecond region.

N

Fihally a theoreticalndeécription of the energy \;
levels and électromagnetic—trénsition rates of the
isotopes studied was performed using the Strong Coupling
s )

Symmetric RotatoE/Model, which incldded band mixing, and

the Intermediate‘Coupling Model. The predicted level

7
schemes are in good agreement with experimental results

and fairly good agreement is obtained between experi-
. . |
mental and theoretical electromagnetic transition rates.
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" CHAPTER 1° 1

INTRODUCTION ' : .

i

The knowledge of the lifetime of a nuclear state
is,iéportanf'in the determinatien‘of the electrémagnetic
transition matrix elements for comparison with predlc—
tions based on theoretlcal nuclear models. These matrix
elements which involve an overlap of the wavefunctions
of the states between whlch the transition occurs are
more sensitive to the detalls of the nuclear model than
many other quantltles which could be measured To dare,
there isvonly a limited knowledge of the wavefunctions
of nuclear levels and this essentially in the low mass
region.  Thus there is interest in the measurement of
liferimes of nuclear staggs Eo ohtain more knowledge r
abeut the form of.the wavefunctions. |

For Iifetime\determinations in .the range
10703 > ¢ > 10712 secs, the most common method is the
so-called delayed—coincidence technique which inyolves
the detection of the times of population and decay of
the state whose lifetime is to be measured. ‘In the )
~most widely used arrangement, scihtillafor'bhoto—
multiplier combinations determine both the‘time of
emission and the energy of the radiations'announcihg

the birth andadecay of the state as illustrated in

fig. 1. -The current literature contains many examples
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of y-y and B-y delayed;coincidence,measurements. How-
ever, this method limits the dumber of nuclear states
that can be -investigated due to the poor enerdy resolu-
tion of scintillator detectors and the number of states
‘that are populated by B8 end Y-ray transitions.
Alternatively, the popula#ion of a state can be
achieved by usiﬁgla puleEd'beam to excite the state via
a nuclear reaction, thejtiming signals coming freﬁ a‘
capacitive beam pick—#ff before the target and from
the -detector correspondlng to the detectlon of the ’
radiation frqm thedec%y of the state. The _University
of Alberta has a 7.5MV|van de Graaff which has a Mobley"
~,
Compression System capable of prdducing,every microsecond
a beam burst with a w dth of 0.4ns. This system 's.
ideal for the measurement of lifetimes by direct timing
usihg'the'deiayed—co'ncidence_technique. \“ -

With the advent of Lithium drifted Germanium

[Ge (Li)] detectors with their .superior energy resolutlon
'capablllty, one of the major difficulties a33001ated with
the commonly employed scintillator-photomultiplier x\»
combinations can be |eliminated. ~ However, very 1littlé
work has been reported utilizing coaxial Ge (Li) detec—
btors for lifetime measurements in delayed-coincidence |

~ systems, especially %4lsed beam éxperiments (Ya 69;
Wa 70, Ki 71), due to the poor time rxesoluficom-charac-

teristics Of'Ge(Li) detectors. It is clea<: however,



that their extremely good energy :esolution would give
a great advantaﬁe over scintillator detectors for
lifetime measurements of excited states in nuclei with
complicated decay schemes.

In general, two different time distribution
curves are obtained in delayed-coincidence experiments
as illustrated in fig. 1. One, the prompt distribution,
P(t), is obtainéd from events in which a state is produced
and decéys during an interval short compared to the
tf%;‘resolution of the apparatus. The other, called the
delayed{distributibn;D(Q,characterises the lifetime to
be measured. Féf lifetimes which are much greater than
the time resolution of the apparatus, the delayed_dis—
tribution exhibits an exponéntial tail. However, for
.lifétimes shorﬂer.than the fime resolution  of the
measuring apparatus the delayed—coincidence'method.is
restricted to experimental observations of the centroid
shift\betWeén the delayed and prompt time distribution
curves for a.giVen energy.

- The accuracy of the centroid shift method, how-
we ~
ever, is severely limited by the time resolution of

~.

Ge (LiJT detectors. If\eiiifronic noise were the only

limitation, timing with GeM(Li) detectors could be very
precise, particularly at high ,energies since 'the full
width at half maximum (FWHM) of the'time distribution

curves would scale inversely as the detected energy.



Howevér, the time resolution is éeriously deéraded by
the pulse shapes and the pulse rise-time variations
‘which depend on the YLray interaction position in the
detector intrinsic volume, the detector geometry and-
the electric field as a function of the position inside
the detector.

The purpose of this research was the significant
improvement of the time resolution of coaxial'Ge(Li) de-
tectofs so that lifetimes as short as 10”11 secs could
be measured using the pulsed beam facility. The Doppler
Shift Attenuation Method (DSAM) (Li 63, Wa 63) and the
Recoil Distance Method (RDM) (Al 65, Al 70) are other
techniques used to measure lifetimes in this region. How-
ever, in-the range lO"J'2<T'<5x1‘O_ll secs, the DSAM is res-
tricted to gas targété and the RDM requiregﬁ?igh energy .

heavy ion beams to provide’sufficiently large recoil vel-

ocities.

The improyement in ﬁhe time resolution was accom-
plished through the development of the so-called‘Triple
Constant Fraction Discriminator, an electroﬁicmcircuit
designed to improve the time resolution by a pﬁlse shape
discrimination technique.(Wh 74, Mc 74).

The accuracy of the centroid shift technique is
also determined by the defin%tion qf the so-called
prompt timé distribution céntroid curve, a curve through
the points representing the centroids of the prompﬁ time
distribu;iogs plottéd against the corresponding energy

of the 'prompt' Y-ray. Since a shift from this curve



corresponds to a y-ray with a meaéurable lifetime, it
is essential that the curve be defined accurately in
the region of interest. However, in most cases the
isotope gnde? study doés not haveva sufficient number
of 'prompt' deexcitation Y—réys in the required energy
region. To overcome this problem, a rotating target
system was developed. To the rotator are attached two
targets, each rotating alternately in and out of the
. pulsed beam, the one target producing the energy level
Whose lifetime 'is to be measured and the other; supple-
®

mentary reference '‘prompt' y-rays in the energy region

4

of interest.

This simultaneous acquisition of data for the\
prompt and délayed time distributions is a new develop-
ment of the téchnique. In mosf previous delayed-coincidence
techhiquesvalterna;e experimental ruﬁs were done to
obtain the prombt and delayed time distributions. Thus
errors dpe to electronic drifts and shifts, and pﬁlsed
beam conditions between separaté runs, are overcome by
our technique. Furthermore, by the défiﬁitionvof the
prompt time distribution centroid curvej centroid shifts
are calculated with respect:to this curve at the appro-
priate energy whereas previously this was done-with
re;pect to a prompt_time distribution from a y-ray of

approximately the same energy.



Zagen,

. o

The co%}ection‘of data by our technique is made

possible by a two dimensional sort routine, a software
co&ponent of the on-line Hoﬁeywell 516 coﬁpu?er.
Using fhis routine the ﬁotal time distribution spéctrum
can be sorted by setting up to'32 digital winddwé\on the
energy spectrum and on that region of the 'pulse shape'
spectrum which produces improved time resolution.

A further refinement of the technique was the
development of an electronic Target Discriminator’module
which can rout the information from each target into
separate regions of memory of the computer. In this
way the peak to bdckground ratio in the éneré& spectrum
'is not affected by the_presence of the  second target, a
consideratién’which is very importa;t for the reduction

4
of errors.

Measufements were performed on isotopes in the
f 7/2 sheil éspecially the isotopes of Titanium and
‘Vanadium. Investigatiéns in two other isotopes, .
652n and 59Ni, also proved fruitful with several lifef
time determinations being made. Level schémeé and
electromagnetic transition pfobabilities for the iso-
topes studied wefe compared Qith theoretical results
~obtained from the Intermediate Coupling Model_énd the
Strong Coupling Symmetrié Rotator Modél, using the

Nilsson Hamiltonian to represent the interaction between

the last unpaired nucleon and the core.



CHAPTER 2..

“ THE ANALYSIS OF DELAYBD-COINCIDENCE EXPERIMENTS

~

The so-called delayed-coincidence technique is
frequently used to determine the lifetimes of excited

nuclear states by employing a Time to Qmplitude Converter
, v Pt

(TAC), which translates time'diffe;enees\iﬁéo voltage
signals, and an Analogud\to'Digital Convgrter (ADCi\which
digitises these signals. Tbere are several different
methods of o"determining the/.unknnowr} lifetime from the
twoltime distributions nexperimentally obtained. These
are commonly referred to as the prompt and delayed time

distributions.
. ' v ’ , )
A frequeptly used method is the se-called slope

“method (Ne 50), in which a fit of a pure exponeht;al

function to -that part of the delayed curve'well outside
the re9101 of the prompt time-cqrve'yields the desired

aecay constant, A. This method can be applied.ifvthe
.lifepipe is sufficiently long tp«gi;e a s;gnificant
expepentialrtail,‘but otherwisefis statiséically pobr

. ip that onl§ part ofvﬁhe data is‘used in the evaluation

of the llfeqpme Statistically, the methods utiliziﬁé
the moments of the- measured time dlstrlbutlons (Ba 50,
Su 62) prov1de a more accurate determln#tlon of the life-

.-tlme since the entlre‘data.anaused in the calculatlons.

-
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The most‘important of these methods is the_first:

-

moment or centroid‘shift'method- howeVer,'higher‘momths

..

can also yield 1nformation;about the lifetimes. Another

method which has statistlcal errors thd'same ‘magnitude
as those of the centr01d shift method 1s ‘the 1ntegral .
transform method (Sp 66A). S R -
‘A theoretical dé&cription of the above methods
of J%aiy51s is presented below with a discugsion of'the

advantages and disadvantages of each. The prompt and

delayed distributions are denoted by P(x) and Dkx), and'

the corresponding histograms obtained from the ADC are.

denoted by P.~and D. P(x) and - D(x5 are assumed iden-

’

N
t&:ally Zzero for x < 0 and the number of counts under the

two curves (their areas) are NP and ND respectlvely.

LY
Y

2.¥ The Slope Method : e . -

Thes mathematical relation between tfe two time

.7

distributiops is the convolution integral

zl =
U .

' D(x) = Jw(t) PG - t) dt o 2-1
. L _ S

~
#

P

~

e \ .
where if the decay is a' radioactive decay with a mean—

. /-

life 1 (— l/k), the decay function is -

A

w(t) =" p(- t/1) . - 2-2

Substitution of eq. 2-2 in 2-1 gives : N o

v
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) 10
NoO% J K
D(x) = NB [ A e_At P(x - t) dt
P 4
B
Ny “A(x-y) | |
= N J P(Y) A e Y dy ‘ 2=3
.P 0 . ’ |
“where y = x - t, Differentiating eq. 2-3 with respéct
to x gives !
N .
dD (x) _ D _
= = A[N— P (x) D(x)].
o P
From this relation,fol}ows
4 ipeg) = - [1-RE B o
dx - v D(x) Ny~ -~ '
~— . S
Consequently, the decay constant can be found fromkthe
™~

~,

slope of the logarithmic plot of the delayed curve in

the regioa where P(x)/NP is negligible compared to
. ’ . 4 :
D(x)/Ny. Thus only that part of the delayed curve which.
N .

is outside the prompt curve can be used in the evaluation

n

of the lifetime. This restricts lifetime measurements by

‘this method to those which are greatef than the time

résolution of. the apparatus used. The method, however,.
is insensitive to electronic drifts and the prompt
admixtures,

4



2.2 First Moment or Centroid Shift Method

The th moment of the delayed time distribution

is defined tbrOugh the. formula

n

M_(0) = | x" D(x) ax L " 2-5

o~—-3

Using n = 1 and substituting in eq. 2-1

(%

z

Ml(D) = D J x dx J w(t) P(x - t) dt .
0 0

p

Substituting y = x - t and rearranging one obtains

Ml(D)= T J y P(y) dy JW(t)dt*TT- [ P(y) ay f t w(t) dt
Po 0o o 0
N .-
ND \
-, M (P) + Np My (W) .
Since Mn(w) ="n! Tn - it follows
_ Ml‘ (D) Ml (P) | : . .
T = N - N . 2-6
! 0 D ‘ P

Thus the llfetlme to be measured is the centroid Shlft

between the delayed and prompt tlme dlstrlbutlons. In -

p:actice tﬂe.formula takes the form

Tx. D, - Ix. P.
1 1 11 - 27

T = -
. : 2 Di. ZAPi

¢ ' .
and the statistical error can be calculated using

11



where A = f(a,b,c,...) is a function of the independent

variables a, b, ¢, ... '~ Therefore the statistical error

in 1 is
2
s?_ _ £x; Dy ) (Exl Di) +)Sx P (zxi P.)
T 2 3 2 3
ND ND NP NP

Equatlons 2-7 and 2-9 are 1ndependent of the origin of
the coordinate system and if the partlcular ch01ce of
Exi‘Pi = 0 is made exp;e551on 2-9 can be transformed
using eq. 2-7 aﬁ‘d‘i?:il to

5 c
s M. (P)

_:%. = 22 [ﬁl— + _]_‘_] + I-\I}_ ° 2=10
T T D P D '

~where Mg(P)'is £he normalised secoed»moment of the proﬁpt

curve about its own cent}oid and;is a measure of the

w1dth ‘of the curve (normallsed nmeans adjusted to unit area)
f MS (P)/T is much larger than unity i.e. the |

lifetime is small.compared to the time resolutlon 'of

‘the apparatus,<then the statlstlcal error 1is approx1mately

equal to

RN e payes L

ND‘_I\%P : .

This stresses the im ortance of good time resolution when

shQrt-lifetimes are/to be measured. It is for this

12
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reason that a large section of this thésis is devoted

to the improvement of the time resolution of coaxial

Ge (L1i) deteétors.

~

On the other hand when'% is large the relative

error 1s approx1mately (N ) % and nearly 1ndependent of

the shape of the prompt curve, the slope method: 1s then o

@

better in these cases. The centroxd Shlft method 1%

1

51mp1e to use and has small statistical errors, howeVer,

electronic. shlfts and drifts play an lmportant role

since they glve rise to systematlc errors.” These pro-

blems can be overcome 1f the prompt and delayed time

dlstrlbutlons are obtained: s1multaneously.

2.3 Methods of Higher Moments
Using the definition of the moments eq.
obtains

| M, (D) %% D(x) dx

N )
N

o]
o

Ny T, e
- f x* ax f w(t) P(x - t) dt .
0 0 '

”Suhstituting Yy = Xx.- t and rearrangihg

2

M@ = 2 0 [ v r) gy [fweer ae+

: Y = o - . . 0

+2 f y P(y) dy'j't w(t) dt+-f'p(y) dy
0 ) 0 0

/
/

2-

|

5 one’

t%w(t) dt.

13
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Therefore using relation 2-6

M_(D) M, (P) M, (P)
2 2 1
= + 21 | + 1]
ND NP : Np
M, (P)- M, (D)
= 2N + 2 1N _ . 2-11
P D )

In an analogous way the relation for the third
moment can be obtained and the meanlife frbmvthe result-

ing formulae are:

N... M,(D) M,(P)
nd D 2 2 -

.2 moment: T = [ - ] . i 2-12
v, . | 2M,. (D) Np Np :

"N M, (D) . M., (P) |

d D 3 - 3! -
. 3™ moment: 1t = ~ [ - 1. 2-13

. T M, ) TN, N, o

-

Again the origin of the coordinate system is

- arbitrary and by choosing the origin in deh a'Way fhat
,Ml(P) =0 the‘formulae for the statisticaf errors  reduce
to éimpler formé (Sp 66) és'shQWn below. These are for

-the second moment

<y

S 1 Mg(®)q My() 2 4
T =7 g Gy - 5 G
T N D P T N D. P
p p |
4M, (P)
ﬁL ( g + 8)1° S 2-14
D %N S

‘and for the third momént - a .

14
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s 2. M_(P) M, (P)
=+ =~ (- S i+ b
3 2 +2r2) Np T N, ©° - "D P
N |
P )
9M, (P)  36M.(P)  108M. (P) L x
e Y . Rl R 2 + 216)] 2-15
D N, T N, 1 Ny 1 '

P P . P

o

Another version of thé higher moments was proposed

by Sundstrom (Su 62) in‘which.the normalised moments of
! : .

| - :
the delayed and prompt curves (both curves assumed
normalised to unit area) are computed with respect to

their centroids.i.e.
c n
Mo(g) = f (x - Ml(g)) g(x) dx .
0 .
Using this relatidhship formula 2-16 Holds
MI (D) = M (P) + M (w) S i= 2,3 . 216

and the meanlife is evaluated from eq. 2-16 to give.

Zpd moment : T

|
[
~J)

, 1 |
[M (D) - M5 (P)]° | 2

3rd moment: T

1 Qc . uC %' .
'§[M3(D) M3(P)] ., ] 2-18

As pointed out by Weaver and Bell' (We -60) the

-qﬁantity Mg(P), the third moment of the brompt curve

P(x) about its own centroid, is .usually small and
ffequently negligibie so_tﬁat'for many cases it is

r

sufficient to write

15



Mg(D)]%

v = [ : . © . 2-19

- Thus it 1s possible to evaluate the requlred llfetlme
from the shape of the delayed curve with- only rough
knowledge of the shape of the prompt curve.

The great advantage of the higher moment methods
is that if the delayed and the brompt tiﬁe distribution
curvesjare recorded under different experimental—con—
ditions and a pure'shift‘(translation)results, these
methods eliminate such effects. Electronic drifts,
however, can have serious effects especially for the
second moment‘method as they'resu;t-in.broadening of -

~‘the two time distribution curves. Also since these

methods depend more on the outer less well-defined

parts of the curves, these methods suffer from inaccuracy

in the determination of accidentalsg

2.4 Integral Transform Method.
.\\Eﬁ\fhis method, developed by Sparrman (Sp 66A),
the Laplace integral‘transﬁorms of P(x) and D(x) are

defined as

L (P) e™ p(x) -ax ' . 2-20

: N
o~——3%

" L(D). *px) ax . _ 2-21

' 1
O ———— 5
o
R

16



Using the ﬁ asureé distributions Pivahd Di and
a selected value of r, numerical values of L(P) and
L(D) are obtained by numerical 1ntegration. The
choice of r is arbitrary éxcépt for the conditioﬁ,

r < )\, the decay anstant; Usihg eqg. 2-3 the Laplace

integral can be obtained.
: » \
N, % X

L() = 2 i e™* dx i ply) y e A (X-¥Y) 4y
P '

Changing the order of integration and evaluating the

inner most integral yields

Ny /
_ A
L (D) _—}\_rN;L(P)

~and hence
N . : ) - .
- _'i . _ _D L (P) : . _

1N

o
- ¢
. H

$

S~

, USing‘eq. J-8 the statistical error Ain 1 is given by

. ., 2 < R ~2 o )
_c L) [ SL(p) L (D) c
s. = Loy HTm!t * ity it . 223

As ¢ = ND/NP’ {sc/.c}2 isﬁeasily obtained:

-sC 2 1
=} ==+ = .
¢’ Ny Np

i - . . .
For the purpose of calculating the errors in L(P) and

‘L(D) the values of L(P) and L (D) are approximated by the

sums

17
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rn rn

L(P) =L e Pn and L(D) =1ZIe Dn .
Using eq. 2-8 and the. fact sg = Dn’ the following
n
‘expression is obtained
2 o 2rn
SL(D) = L e Dn
with an "mnalogous expgéssion for SE(P). The statistical

error, sf,'therefore depends‘on'r. Sparfman (Sp 66A) |
has showh that for a minimum statistical error an r-
value roughly equal‘toix/z is the optimum choice in most
cases. ' ' : , | .

To anticipate the statistical errors 1 the above

methods Sparrmanrand Falk (Sp 66)_assﬁmed trnat 1e prompt

curve was of the form coszxw/Za (FWHM = a) anc plo+-ted
the relétive errors against a/t as shown in fig. 2.

The prompt curve was chosen to have this form since th=

experimental prompt curves have approximately this form (

ahd partly because the cdnvolution_integral could be

found analytically.

In conclusion the first, second, and third moments -

can be interpreted in terms oanpparent features of the

delayed'curve as compared to the prompt curve. The

first moment is sensitive to the position of the centroids

]

on the time axis, the second moment to the width of the

curve, and the third to the asymmetry of the curve.

k4
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coslnx/2a. (FWHM = a, ND=:NP) (Sp 66).
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N
Even higher moments can be employed but the statistical
errors of the moments increase with the order and thus |
only a limited number of moments are useful for practical

purposes.



CHAPTER 3

THE IMPROVEMENT IN THE TIME RESOLUTION OF

COAXIAL Ge(Li) DETECTORS

The improvement in the time resolution of
Ge(Li) detectors is crucial to the measuremeﬁt of life-
times shorter than 10 1° secs by the Céntroid Shift
technique. ' As shown in Chapter 2, when the lifetime
to be measured is small compared to the time resolﬁtion
of the equipment, the statistical error is roughly equal
to M3 (P) [1/Np + 1/N1. M5 (P) ‘ibs the 'ngm{alised second
moment of the prompf curve about its.qwn centroid and
ND-and N, are the total number of counfg\iQ-the d;iayed
and pfompt time distribytion curves,'respecfivély.

Since MS(P) iS a measure of the width of the curvé, ghis

N
~

stresses the importance of good time resolution when ..
.short_lifetimeé are to be measured..
Ge (Li) detectors, with their extremely good energy

- resolution, are essential for lifetime measurements in
nuclei with complicated decay schemes. However, the

- -

time resolution of Ge(Li) detectors is s riously
) deggaded by the pulseﬁshape andipulse riset+time varia-
.tions which depend on the y-ray interaction position in

. N . _ .
the detector intrinsic volume, the detector.geome.ry and °

-

“the electric‘field'as a function of the pdsition inside

e
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(
the detector. As a resul£ one observes'-a wide variation
of pulse shapes and pulse rise-times aS'indicated in
fig. 3,which ‘is a photograph of: the actual signals
ﬁbbtained from the preamplifier-of a 23c.c. coaxial
.Ge(Li) detector. . ‘ \

Several methods (Ch 68; Ja 69, Er 69; Mo 70,l
Be 72, Ch 72) have been introduced to‘compensate for |
the time walk due to rise- tlme changes in order to |
improve the time resolution of Getbxi dekectors.. The )
ARC zero-crossing method (Amplltude and Rise-time |
Compensation)bintroduced by.Chase (Ch 68)wis one of the
most successful methods to date for improving the time
resolution in Ge (Li) detectcrs.’ The method, which uses
a Constant Fraction of Pulse Height Trigger (Ge 67), was
originally intended for.use with scintillator ddgtector '
pulses which have uniform shapes. Chase has shown that
the same electronic technlque applled to the Ge(L1) |:

iy e

.detector pulses does a first order COrrectlon to the

_rlse~t1me'var1atlons in the pulses. \In fact, it corrects

'J“exactly~for pulses Wthh have an 1n1t1 1 rising portion
;hlch is llnear. Howevef, the early slqpe of §he time
dlstrlbut on burves are then distorted s&gnlflcantly
due to” slope dhanges that occur in the pulses before-the /
zero-crossing bf the ARC shaped pulses. Thus a secogd :
order correctyon would be useful to further improve the

/ ‘.

'time resolutién of Ge(Li) detectors.

- ':/
. L - t



Fig. 3.

: - : o ,
Photographs of the preamplifier signals
obtained from a 23 c.c. coaxial Ge(Li)
detector using-a 90Co source. * '

5
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A theoretical base to our technique for improving

the time resolution is formed by an analysis of the

pulse shapes from coaxial Ge(Li) detactors as a function

3
[

of the position ef irradiation ih.the”aetector,'and the
synthesis of'these pulseejin a Constant-Fractiothf Pulse
Height Trigger. The results ohtaihed in our investiga-
tions, which involve a pulse shape discrimination tech-
/;1que, are considerably better than those of prev1ous
methods and are such “that llfetlmes as short as 10 -1l secs
have been measured by the Centroid Shift technique.
In this work some interesting problems developed

wh1ch induced a more detalled investigation of the tlm—
1ng propertles of coax1al Ge(Ll) detectors. ‘The results:

of thlS 1nvest1gatlon w1ll be discussed later in this

chapter and Chapter 5.

A3.i.§Pulse Shape Analysis

The timing froperties of semiconductor detectors

‘are intiﬁately related to the pulse shapes (charge or

2 ’ Do
I3 “ &

current pulses) which the detector delivers to the

ampllfler as a conseqyence of the detector-radiation

1nteract10n.‘ An 1nteractlon in the sén31tive region'

of a detector releases;éﬁkarge number¥ef'electron—hele'
i : . :

pairs which are separated and collected by the electric

intrinsic region. ' The pulse shapes

field present in th

depend on- the ch%rg transit time which is determined by



”

_and th

the following major factors (Be 68): \ :
| a) The electric field as a function of the posi-
tion inside the detectof sensitive region,

b) the eléctron‘and hole mobiiities, W and'uh,
which in a given material are functions of’the electric
field ana temperature, |

c) theldistribution of charge‘c€éated by the
detected radiation which is dependent oﬁ the energy

type of incident radiation.

» Otre
ing effects,\due to impurities and defects in the

semiconductar material, lead to additional requirements

for the*total collection of the chatges. At higher

energies the plasma‘éffect, which is the production of
secondary electron-hole pairs by the moving éharges

from the initial interaction, also introduces further

complications to the charge coltection time.

In the following analysis we consider an ideal

coaxial semiconductor detector in which no charge

trapping, or féqombination effects occur. The equation
of motion of a carrier is given by the empirical for-

mula stated by Moszyfhiski and Bengtson (Mo 72A)
v = VS/[l + Vs/UE] o 3-1

where v is the drift velocity, Vg is the carrier sat--

uration velocity, € is the electric field and u is the

i

factors such as the noise or charge trapp-.

25
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zero field carrier mobility. However, this formula leads
to complicated anerical integration. in order to deter-
mine the pulse.shapes from coaxial detectors. Ao
simplify the mathematics we neglect theicarrier velocity
saturation effect ana assuming'that u is independeng of
the electric field, we obtain as a first approximation
of the empirical formula the equation of motion of a

carrier given by (Be 68)

VvV = pe . 4 ' 3-2

-

. Sakai et‘al (Sé 69) have shown_zhat the saturation.velo—:
city for both holeé\and electronsiis approximately

1.1x lO7 cm/sec althguéh this limiting velocity is not
reached as abruptly for the holes. 'Eléctfonslreéch this
saturation velocity at an electric field of about

100 V/mm in Ge(Li3 semiconductor material at 77°K.
 However,_much higher fields are required for ﬁhggholes
to reach ;aturagiondveiOCitQ (Sa 69). Chorand Ll?cer
(Ch 72A) - did not observe hoie satufation &elocity in
 high purity Ge égaxial detecéoré.at lOQ—SOQ V/mm fields.
Hence for ﬁyélcal fields in Ge(LE) coaxiél‘defectofs
.eq. 3-2 is a reasépable appro;imation for the holes but
not for electrons. Howezer, sincé we wish only a
qﬁalgtative pnderstahding of the éroblgm, eq. 3-2 is

. used for both the électrbn and hole motion to obtain
Eoﬁformity on-ﬁﬁe final pulseusﬁépe equation. As will

A
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be shown later the form of the pulse shape equation is .
not affécted by considering satura£;on-velocities.

The simplest way to caléﬁlate the signal is to
consider the énergy balance in the system §§oQ66).
The collection of the carriers corresponds gé.aﬂ energy
diésipétion iﬁ the eléctrostatic field inside the
_detectér, : To maintain the.energy stored in the di-
electric, a corresponding’chérge must flow in the
external circuit. The colléction'of a single electron-
hole pair is depicted in fig. 4.

Now we have that the energy W stored in the .
dielectric is equal to % Q2/C where Q is the chargé
iﬁ the detectdr of capacity C. Therefofe,

3-3

o]

S
Qo
&
o

The field strength in the case of the double-ended co-

axial detector is

v ' L 3-4

R Y 7 C

" where a and b are the inner and outer radii of the
interaction zone of the. coaxial detector, and V is the
applied voltage. Thus the drift velocity for the

electrons is

T | 35

v.= & 2 -
77 d " x.In(pb/a) -



N+Iayer' |

v Fig.

4.

&

Collectlon of a 51ngle electron ~hole pair
in a double-open- end coaxial Ge(Ll)
" detector.

28
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Integrating this relation, taking note of the limits of

integration, yields for, the electrons and holes,

2t u v %

o |
¥ (8 = U * mwray? 36

: ) 2t1-lh v L . ) ) ’ N ,J
and xy(8) = {x, = mEzEyt 3-7 R
respectively. The work done .on the electron in time dt
is:

force . distance ='e(X)-e-th o

There e, . . Do

: | , o |
2 1 3-8

aw _ 1.
dt ? He V {x ln(b7a)} :
Equating ‘egs. 3-3 and 3-8 we have

aoQ _

2
. 1 . alal
dt T (8) = e g V{x lnlBZa)} 3-9

t
where Ie(t) is the current due to the motion of the

electrons. = Similarly for the motion of ‘the holes

3-10°

' , ~ 1 2
e =~ e Vigtama? -
Substituting A =2pev/ln(b/a) and Ah==phV/1n(b/a)
into eqs. 3-9 and 3-10, and using eqgs. 3-6 and 3-7, the
Current contributions for each carrier are:
© Ae' ' 1

I (t) = \ .
e ln(b/a) (x2 + 23 t)
o e




e Ay
In(8) == mE7ay

’ . 3-12
1]¥A t) -

By 1ntegrat1ng these expre531ons w1th respect to t, the

charge Q induced by each carrier is glven by

| e : 2A, | o )
. ’ . Y o
2A, t
%) =" rmEEy M- 314
o : .

At this point another approximation is made in that the
mobilities for the electrons andihéles are equal (Ae=Ah=A)
which is a good approximation for Ge(Li) .semiconductor
material at 77°K. Further,® if one assumes that the ’
"interaction of a y-ray with the detector is:such rhat-
‘the eharge prodnced n_e, is 1ocalised.to a“point whieh
.1s small compared to the detector dlmens1ons, (the

range of lMev electrons in Germanlum is 0.8 mm (St 67)),

then the total charge induced is given by ..

2At 2At -

: n_e
ey o
Q(t) = 2 1In(b/a) {%n(l+a.x2 ) - ln(l— 2 )} . 3-15
. - ‘ o o o :

If saturation velocities for both the electrons and holes
. _ . R ,

had been used, eq. 3-15 would have the form
ve t ; v e
) - 1In(1 -

’ n_ e .~
- o s s _

which is very similar to.that of eq.. 3-15.
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The maximum collection time,‘which.éorresponds to

o

a generation point near one of the two electrode, is

'-given by

o
Tmax = (b® --a“)/2a
‘'where
_ \ '
A—.I—H(W—U = .

\

3-15, one obtains

- x2)In(b/a) /2uv

- xg) 1n (b/d) /2uV

- a®)in(b/a)/2uv

- a®)1n(b/a)/2uv

- Substituting for Tmax in eq..
"'n_e. 2 2. t
_ o) (b™ - a”) e
Qt) = srp gy (inll+ 2 ]
) X max
o
2 .2 t, .
(b” - a%) h
_ X max
. o
where
t =t , for t< ‘(b2
e N
2.2 g < 2
= (b -xo)ln(b/a)/2uv for t»> (b’
~and h'
S . for t< (x
th = E / R '
t, = (x2-a2)ln(b/a)/2uv for £f>(x2
h e} : s . o
Usihg eq. 3-17, pulse shape calculétiogs for seven

different 1nteractlon p051t10ns w1th1n a coaxial Ge(Ll)

W

detector, outer radlus 1. 54éwxand inner radlus 0.34 cm,

are shown in flg. 5.

It is obvious from these curves

that the variations rn pulse_shapes and pulse rise-times

are a major'faftor coﬁtributing to the poor timing reso-

lution of coaxial Ge (Li) detectors.
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0.2

- Detector inner radius
outer radius = I-54cm.

n
-

“Interaction point

.0 — , ~
0 02 04 ) 06 0.8 ‘ 1.0 .
b
] ‘max
Calculated pulsé shapes for local interactions

at seven different positions along a radius of

Fig. 5.
| an'ideal double-open-end coaxial Ge(Li) detector.



The above pulse shapes are only a good approxima-
tion to realityf Y—-rays can interact at two or more
locations in the detector to produce a charge which is
not lecalised at one point but at several points. This
would occur Qhen Compton scattered photons)‘annihilation
quanta, or bremsstrahlung are reabsorbed.

Furthermore, the range of electrons or positrons
~above 1Mev is not negligible within a 1 cm\detector.
Thus, the charge produced by High eeergy‘Y—fays and by
Yy-rays interacting atﬁseveral iocatiens tends to be |
distributed in the detector volume. The shape of the
pulses resulting from such events will‘depehd upon the
the spatial distribution of the‘eharge, including Ehe
length of the ionization tracks and their orienta#ﬁon
”with respect to the collecting electrodes. Thus'she
resulting pulses are likely to be a sﬁperposition of a
number of the waveforms as shown in flg.'S. Neverthe—
less, the -actual pulse shapes obtalned as shown in fig.3
show a’ 51m11ar varlety of shapes as those obtalned by,
the above theoretical calculations. I

A signal can be synthesized from the above
theeretical pulses by inverting and attenuatingcit
by a factor f, and adding the result to the original
pulse delayeduby the time ts- This‘is the basis of
the Constant Fraction of Pulse Height Triggef (Ge 67)

(CFPHT) and the Amplitude Rise-Time Compensation
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technique (ARC) suggested by Chase (Ch 68). Assumlng
that one has a fast charge ampllfler, the timing pulse
from the CEPHT is initiated at the zero-crossing point

of the synthesized signal

' Q(T - T,) |
- _¢ Q(T) d
»E(T) = ~f p + e 3=18
o . fo)
where
= t/Tpax and Ty = t./T .

max

'Using the result, eq. 3-17, we have

.E(T) = -f 1 [1 {1+—————-—-‘b2“ a?) Ty )
= 7 In(b/a) B 2 -

» (b2- a2)'
- 1n{1 - ————75——-T}] for T 20

X
(o}

1 - a“)
* 7 Iamyay [nll+ == N (T-Ty)}

-1 {1————“’2' a®) (T-T,)} £ T > T.. 3-19
n ~. 2 ) d Or 2 d. &

. X
o.

The zero- cr0551ng pOLntfbf this functlon was - found
‘vby successive approximations on a computer for various

" values of f ahd'Td.\ Figs. 6 and'7 show examples of

the cr0851ng time t versus the slope change time t 5?
whlch is a function of the 1nteractlon p051tlon in the

- detector, both normalised to the delay time td. For

- each fraction t{e curves are made up of two parts, one

Y
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Fig. 6. 2Zero-crossing time vS. slopé change time, both
‘normalised with respect to the delay time, tg,
for the pulse shapes of fig. 5, when applied’

L)

to a-CFPHT.‘ Delay time tgj = 0.05 Thax®

t
71,
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Fig. 7. 4ero-crossing time vs, slope change time, both

' normalised with respect to the delay time, tg,
for the pulse shapes of fig. 5, when applied

to a CFPHT, Delay time tj = 0.10 Tmaxi' :
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,{\

corresponding to slope change due to the motion of the

-

holes towards the inner electrode and the other due tc
. o J )
the motion of the electrons towards the outer electrode

of the detector. .

From figs. 6 and 7, the walk of the zero-cross-

«

¢ ing time with slope change time is well demonstrated.

,’illustrated in figs. 8 and 9 for the’casés'td= 0.05 T_

e

It is this effect that leads to the poor time résolu-
"tion of. coaxial Ge(Li) detectors. It may seem at first-
glance that the smaller the fraction thevbettgr the

time resolution. However, at a fractionﬁof 0.1 thé -
~ 'y . . :
attenuated 31gnal is very small and-fn many cases_the
i
same magnltude as the noise in the reglon of zero crossfhg¢

p01nt of the synthe51zed 51gnal Hence gandom trlggerlng,
of the zero-crossing dlscrlmlnator occura leadlng to very

poor time resolutlon..

-

[

&~ "It is seen from figs. 6 and 7' that® after a certain

value of ts/td,hthe’w§lk is minimal and the improved
timing technique to be described effectively .takes this

region.of these zero~crossing time curves to obtain the k
improved time resolution. This is accomplished by tak-

giﬁé the curve for £ =.0.1 and subtracting it fromrthngrf

i

“/scurve for £ = 0.5 to-obtain time difference curves fas

max

apd td‘z 0.10 Tﬁéx’ Expe;imentally this can’ be done by .

using the output from a CFPHT unit.set at f = 0.1 to . .
'"START' a Time to Amplitude Converter (TAC), the 'STQP'
- N [ B . '

R .- .
Y] . BRI

9
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considering the volume contributions at dlfferent
radii of a coax1al Ge (Li) detector
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for which is obtained from a CFPHT set at f = 0.5.
Then.by usipg a Timing Single Channel Analyser (sca)
that portion of the so-called 'shape' Spectrﬁm'bbtained -
from the TAC which shows‘minimal walk can be selected
by setting thé appropgiate window in tﬁe SCA.

When one considérs the volume céntribution at
diffefent‘radii of a coaxial Ge(Li) deteétqr, outer
radius 1.54 cm and‘inner radius 0.34 cm,‘thevactual
theoretical time difference or 'shépe[ curveé obtained
froﬁ the TAC are.shown in figs. 10 and 11. These turves
are not quite the same as those obtained in.actual ex—

~

perimental test of the technique for reasons that will
4
be discussed later.-

3.2 The Triple Constant Fraction Discriminator - |

Initially, as described in a recent puhlication\ .
; ‘ |

(Wh 74), the improved time. resolution'of coaxial Ge(Liﬁ

detectors was obtained‘by the above technique by the
use of three separate Constant Fraction Discriminators.

Two  of them were. set at fractions 0.1 and 0.5, and their

. —

‘timing outputs were used to 'START' and" 'STOP' the

T

*shape' TAC, respectively.

| The oﬁ£§ut.from'the third, the setting of which
at £ = 0.3 gives 6btimum time resolutibniﬁifhout pulsé-.
:shape selection, was used to obtain‘theiactual

-

time distribution curve from a second TAC.



However, the method suffered from a few drawbacks
concerning the settings of the three discriminator
units. The following important procedures had to be

i

observed;

a) The threshold level diécriﬁinator,

b) The external sha%ing delays, and

é) The zero-crossing walk édjusts had to.be
set‘£0'precise1y the samé'value on. two of the discri-
VminatOr unité. This wés acﬁiebed by obtaining an
effective"délta' funglion time spectrum from the
'shape'hTAC, both ﬁnits being set at the same fraciioh,l'
by careful adjustments én the threshold level and walk
adjusts.. Eyeﬁ with ﬁhis prbcedﬁre, the adjustments might
be inadéquate if the fraction switch attenuators weré'not
identical in eéch unit. | | |

-Thesé problemé were overcome by the development
of_the‘Triplé Constant Fraction Discriﬁinator (TCFbi
which incorporates the use of a.common threshold level
discriminato;, external 500 shé%fng del&&, ahd afcommon 
fraction switch attepuator. The circuit diagram is
shown in fig. 12. Howeve}, the fundamentals of the
circuit éan more easi L understood from the diagram-
matic block circuit, fig. 13. |

I.C. 1 is the common ﬁhréshold:level comparator, .
a Jlow; output being obtainéd between the arrows when
the input sighél goes below the threshoid‘level; 'In
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1C 1,3,6 AND 7 ARE wP1038

1€ 2,5 AND ¢ ARL MPI233

1C 8 AND 9 ARE MPIOIO

1 C 10,1t AND 12 ARE  PLTIO
TRANSISTONS 1 ARE MPSE33
RESISTORS ARE 1% METAL FILNS

‘Fig,.'k 12. Circuit diagram of the Triple Constant Fraction
Discriminator (TCFD). ' v
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I.C. 2, 3 or 4 a comparison is made betweep_thehattenua—.
ted signal and the original.signal delayed a tir ty in
the common external'SDQ delay. The I.C. effectively
works as' a, zero-crossing discriminator, é Tlow! output
‘ being obtained betwéen the arrows at the créssing points
as indicated. : |

The outéu£ of the threshbld‘level com%grator
primes the NOR gate,.I.C. 8, where when both inputs'are'
in" the 'iow; state, the output isv'high'. This signal
is.then amplified-in i.C.AS; 6 or 7, the 'high' output
of which is then sent'through a 2.37 K@ shaping resistance
R2. This,%esistanée slows up theﬂrise—?ime of the sigpal
sufficiehtiy such that it is effectively still in the
'low' state with respect to the switching level, when
the 'low' output of I.C. 5, 6 or 7 is applied,to the NOR
‘gate I.C. 9. A shﬁrp 15 ns pulse is thus obtained, the
length of which‘ié-determined by the resistance 32, and
then inverted fér use as an output signal.  Fig. 14 shows

z

a photograph of the Triple Constant Fraction Discrimina-

tor module.
S
- : R

3.3 -Experimental Tests of Improved Timing Technidhe Ry

For bench testing experiments, the TCFD unit was
placed in the electronic circuit shown diagrammatically
in fid..151"Timing coincidence was obtained by placing

TN
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; c
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ADC Q ADC P COIN.  ADCR
(ENERGY) (SHAPE) (TIME)

-~

Fig. 15. Block diagram of the bench-—fesfing
timing system.



a<§0Co or 22Na source between a 23 c.c. coaxial Ge(Li)
detector and a Natoh scintillator attached to a C3/1024
fast multlpller tube, One of the signals from the
“Ge(Ll) detector is fed through a linear amplifier and

into ADC Q. The other 1s sent throuéh a Timing Filter

Amplifier (TFA) and ‘into the TCFD unit. This unit

49

has three timing outputs each of which can be individually

set at any frdction 0.5 (K), 0.3 (L) and‘g.l (M) by
using a gommon'fraction switch.attenuator as shown in
3figs. 12 and 13. The output at fraction 0.3 is used to
'STOP' the time TAC. The 'START' .signal is obpairted ™
from the sc1ntlllator.v'The output of the time TAC is
~then fed into ADC R. The other two outputs of the TCFD
are set at fractions 0.1 and 0.5, 'START' and 'STOP'
the 'shape' TAC, reSpectiveiy, the ohtput of which isn
fed into ADC P. ADC's P, Q and R require a cbineidence
.51gnal which is provided by the three timing SCA's, and
the Unlversal Coincidence box. The- Delay Ampllflers
which are used to obtaln a c01nc1dence between the 51g-
nals fed into ADC s Py Q and R and the 51gnol from the
c01ncldence box are not shown in flg, 15.

Fig. 16 shows ‘the total time and 'shape’ spéctra
for the 60Co soyrce as obtained from ADC.R and ADC P,
respectively. The time spectrum obtalned is for all

energies and with no 'shape' selectlon. The ‘FWHM and/
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S e

FWTM are 2.79 ns and 10.80 ns, respectively. Using a
o .

two dimensional sort ., hutine, the total tlme spectrum
was sorted 1nto blns accordlng to w1ndows set on the

energy and shape' spectra. For the 60Co source an

,energy w1ndow was set on the 1.33 MeV peak and 14 equal

’

size w1ndows _Wege set on the 'shape' spectrum Fig. 17

shows seven: of the ‘sorted tlme spectra for the region

-

between the arrows as indicated in fig. l6 The values

of. thé FWHM and FWTM of the best tlang bln, blg 5 are

1.06 ns'and 2.%6 ns, reSpectlvely;

LY
*

As seen in fig. 17 there is a significant im-

°

provemgnt- - in the time'resolution obtained for the 60Co

source, especially in the FWTM. The deterioration in.

T g

" a feature of the ARC timino technque is completely‘

-~

ellmlnated by our pur 2 Shape dlscrlmlnatlon technque,

whlch .is seen to separate nhls effect mostly 1nto blns
)

»

v T

vy

. ) . " - '(8» S
Fig. 18 shows the total time and 'shape' spectra as

obtalnedﬂfrom ADC R.and ADC P, respectively. In ‘this

’;q

case no shape or energy selectlon wastlmposed on “the -

"sYstem. Again’ the total time spectrum was' sorted

accordlng to an energy w1ndow set on the 0. 511 meV peak

.."

VAand%l4 equal size w1ndows on the 'shﬁpe' spectrum

Tp
Fig. 19 shows seven of the sorted tlme spectra for the

"‘,;

" Similar‘results were obtained for a 22Na source.,

the early slope of the tlme distribution curveawhrch is’

1, 2 ana 3. 4 X

t

’

v »
LW
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set on the 'shape"spectrum ‘between -the
arrows as indicated in fig. 18b), the
system being gated by an energy window on
i EBe 0.511 MevV annlhllatlon y-rays of the
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‘'shown iR fig. 21 for the 0.511 MeV peak usin

region between the arrows as indicated in fig. 18.
Again_thére is a marked improvement in‘the resolution
of the time spectra. Values for theﬁﬁamland FWIM of
the best timing bin, bin 5, are 2.29 ns and“4.60 ns,

-

respectively.

A more impressive way of showing the effect’iveness

of thisvﬁulse shape selection technique is a plot of the

‘)'

FWHM and FWTM against the pefcéntage of the, total number

w - .
of events as one adds to the best timing bin, the
. } -
sorted bins from windows set to the léft and right
! . o ) ' R
across the shape spectrum. ' Fig. 20 shows the results

’ . o
6(_)Co. Similar‘fesults are

TN

for the 1.33 MeV y-ray of

g- a .. "
. ‘l v f
RPN SR N .

PR

) . . ; I
sou;ce. . _ Q}W“5‘~

¢
g

. . L. “‘ VPRI
From these curves it is seen that by a selectien -
. . ) w o,

-4,

. . , ? o ;
of about 50.to 60% of the total ntmber of’events a.

nificant imprdvement in the time resolution can be

obtained. ‘This is ome of the gre tgst advantages of

the technique that improéed.tiﬁinqﬁfesolutiqn can be

obtéiﬁed @ithout a serious loss of counting efficiency.
In a recent expefimental inQestigation (Hu 74)

the technigue was appf?éa\to_thé measurement of life-

times in 35Cl, 37¢1 ana 2%k using. a pulsed proton beam

as a method of'exciting the $tates of interest. The

improvemént'in the time resolution was .such that life- -
. - '

' . . W ' . ' .
times in -bhe 50 ps region and below were measured and ¥
¥ ;

/s
v

‘vﬁ%gﬁwt
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number of events%s
added to the best’ tlmlng
to left and right. across
The system was gated on.
"of the 6QCo source.,
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A plot of the FWHM and FWTM against the per-—
centage of“the total number of events as

sorted time.bins are added to the best timing -
bin from windows set to left and rlght across
the shape spectrum.. ’The system was gated on

the 0.511 MeV peak of a Na source.
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time resolutions of 800 ps and 650 ps FWHM were obtained '

in the energy fange 2.20 Mev to'3.l6}MeV, respectively.

'In another application to be discussed in a later
chigter, the technlque ‘has been used to stydy llfetlmes
in 45T1 and 45 c.. The data from this run ﬁ%s been used
to show the ghange in FWHM of the prompt time distribu-
tion curves as a function of the‘inverse of the

associated detected energy-as plotted in fig. 22. The

linearity of the curve indicates the way in which elec-

o R .
tronic noise is limiting the time resolution. Also

- tors prime the,NOR gates I.E._8A, B and C befort the

shownxinlfig. 22 is some data from the 35Cl, 37Cl, 39K

experiment. It is seen that this data falls on a
separate line. It .is geperally found that the exact
position'of the line is dependent upon the tuning of the

electronlc system aﬁd the digital window set on the
ot B L, . )3"‘

‘%JGJ &
shape' speq %

H I

Two 1nterest1ng electronlc -effects have been

found to occur w1th the Trlple Constant Fractlon Dls—
crlmlnator. The flrst effect is that which leads to
the 'delta’ function peak in the 'shape' spectra"as
_shown in figs.'lGYand 18.; Thls peak was found to be
‘related to pulses from the Ge(Ll) detector which have
poor rlse—tlme characterlstlcs and secondlylto those

o

pulses of very small amplitude as 1llustrated in-fig. 23.
. aﬂ .

In these cases the pulses from the zero CrOSSlng compara-

'
\ .
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Fig."%2.

FWiiMl of the pronpt time distributions plotted as
a function of the inverse of the associated
detected encigy. The circles represent data

’_fron the 45g experimantal run wh&lc the crosses

are some aata for the °°Ci 3’”1 K experlmuntal
run. -
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time for signals from the zgro—cr0551ng
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Illustration of some of the ways in whlch
pulses from the Ge(Li) detector ‘are mis-
timed. °Pulses of the form A and B trigger
the NOR gate I.C.8 before T the arrival’

comparator, and are correctly timed. Pulses

_of the form C and D occur later than Tp and

are thus mistimed.
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‘a greater amplltude than the .goise, the NOR gate w1ll

61

.
h*
N,
h

arrival of the threshold level pulse. Hence the tlmlng
is determlned by the latter pulse and since this pulse
is common to all three NOR gates a 'delta' function
peak, is obtained in the shape spectrum,
Fig. 24 shows the resuite of setting a window
on the 'delta' function peek forvthe total time spec—
22

trum obtained from a Na source. -It is seen that those

pulses that give rise to this effect correspond to

" pulses with poor timing characteristics. Hence with

o

the pulse shape selection technique to improve the'time
resolution, these events are eliminated. |
The second effect is seen in the small second
hump in figs. 16 and 18. In general the zero-crossing,
comparators are continuously being,trrggered by noise

and. real events. Therefore, if the threshold level

pulse arrives before the attenuated s1gnal has attalned

then fire on the threshold level input. As might b€
expected this effect is mostly restricted to the 0.1
fraction output and occurs with slow rise-time pulses

_which have pop; timing characteristics. . It can also

~occur. with very fast rlslng pulses. The effect can be

.dlmlnlshed by 4: rea51ng the size of the. resrstance Rl
thereby slow1ng down the rise- tlme of the threshold

comparator output and increasing the p0551b111ty of the ¥

attenuated slgnalkﬁaslng above the noise level. B
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Fig. 24..a) A logarithmic plof‘of thsztétal tiﬁé

L

spectrum. obtained for-a Na. source.,
b) The same but with the system gated
by a window on the 'delta' function
.peak in the 'shape' spectrum.
The two graphs are displaced by half a
division to ensure clarity. :
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Fig.25A shows the effect on this second hump when the

resistance Ry is set eéqual to zero and when R, equals

\

870 Q. ‘

A fiﬁal illustration of the.excellent timing
characteristics of the Triple Constant Fraction Dis-
criminator is shown in fig. 25B. Iﬁ this caseé the two
oufputs-of the TCFD which are fRd info the 'shape' TAC
are set both at the same fractions. The 'delté?
fuﬁttigzi;(right peaks in each'éase)'ogggined, over
ﬁhe range of fraction settings from 0.1 to 0.5, are
the desired results,of the common threshold level dis-
criﬁin;tor, external 50£2delay‘ana the uom@<.:fraction

switch attenuator. The left hand delta' funct:on in

each case is the same as that disc. -ed two paragraphs

" earlier. ) . - e

D
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*Fig. 25. a) The total: 'shape’' spectra when re51stance

R;p = 0 & and Ry = 870 Q. .

b) Spectra obtained from the ”shape'TAC when
the two outputs of thé TCFD are set at the
same fractions.
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" system will be given here due to its importance in the
Lo -

1w1dth.' Thls beant pulse is then accelerated and further

CHAPTER 4 -~ . S
—_— ‘ ; DR

THE BEAM PULSING,TARGET ROTATING/SYSTEMS AND . -

s ;  EXPERIMENTAL METHOD . o< ,

4.1 The Mobley Compression Pulsed Beam System
In the Qniversity'%f Alberta's‘j.ﬁ My van .«

Graaff the pulsed beam dis obtained by using*both pre4

AN

“acceleration pulsing and post- acceleratloh compre551on

- as skown schematically ;n fig. 26. An dutllne of the

.experimental technique. However, a morg detailed des- -

“ . L . . Wt
cription can be obtained in the Ph.D. thesis d%”ﬂavies
(Da 66). . : - AN

An ion source located within the high voltage

Vet s

' termlnal is used to 1onlse the requlred'gas by a 125 MHz

source 0501llator and a d;c. ion béam-&s extracted by
- \\
M

means of . a probe . -electric fleld._ An Elnzel Lens and

.,a

4

Termlnal Analy51s Magnet are used to’ focus the beam.

-

which can then be pulsed by two sets of R F deflectlon

h ‘

plates set at rlght angles to ea»n ather and driven 90°
B S

out of phase by al MHz osc1llatoru_ Thase R.F. deflec-

tion plates sweep the beam in’ an elllptlcal path over

a 1/16 inch aperture, produ01ng a~beam“bulse of 10 ‘ns
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AhE : v //‘;J’#"
-~ " - . / x t
focused by F‘%ls 3 @nd analysed by a 90° 'ﬁet to
. 'Aselect the‘désired'energy. 'The'beam'thenlpasses T

N

‘ L o - A T . Lo
through a pajr of energy stabilising slits 57 inches

- . ! -
4

away from the analysing magnet. These slits feed the

- % : ‘ Coe S
corona, currént central system which stabilises the .

energy. =, . , "

.

5; d*the fi rst stage of the Mobley ,compression system.
. iﬂ "
. . Q ‘ - 1

Low . - fed $ith a phase locked R.F. -osc1llator of 10 MHz..

L3
Phase 1nformat10n Is supplled to ﬁﬁe 0501llator from a

"jj ’
. E:E?:yllndrlcal pick- off 1n’the beam tube gust before the

] ' ) . . -"r -
, . A\ N

~ R.F. plates.' “%; ST T . :
- N

~:ij4 o i (RO 1 = S

S ¥

wfocal p01nts are at the targé&nahd”

Sa s

i

ﬂha R F plates.

R ’ v ) . bd . :
o The beam is swept by tZe R. F ff%l@?gyéh that the par—'

-tlcles léav1ng the’de ector plates,ﬁlrst take the
& t

. ¢ G & -
longest paths through tHe magnet whlle thOSe leav1ng

2 ~

'tude of ‘the deflector
Ny 2 Jﬁ K \%‘%‘M ':,-

* . -

- at the target g*~<fﬁw‘r ' LT .
[ .

o
» -

" 4,2. The Rotating Targ&t System  # N

N I ‘ . K : . . .
o £As ‘willi be seen later, * the centroids of the.

A@gagnetlc quadrupole lens then focuses the beam

age of the system 1s a palr of deflectlon plates b

The second stage LSfag90° isllnch\hagngt whose

.last take the shor@ést paths “If the phase and ampli-
properly adjusted,‘all part1—'~/
Airget at almost the same tlme.

3 A flnal beam pulse w1th-w1dth of O 4 n% can e obtalned

-67
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4

DA
e by a suff1c1ent number gf centro;d points obtalned ﬁrﬁm R

o

.

4

~

\time;dlstrlbutlon pecaks vary with the enerqgy of the

,ftalged,;n alternate experlmental runs.<‘Thd'er§orsudue
. < . S . e

'frcquent alternatlon of

PR

" errdrs due to electronlc drifts and shlfts and changes

. e
"
a2

i
detected Y~ ray Thls.may not pose a problem if the

V.;’ B
S fu

‘so called prompt lee dlstrlbutloh centroid curve 1s-

-

déflned accurat Jy around the energy reglon of 1nterest .
AL R

o R Al
¥~ rays whose llfetlmes are much’ shorter. than the time ‘

resolutlon of the system (less than, say, ]_ps) How~.
o 3 .
ever, n most cases the 1sotopc under. stﬂ@y doms not

have a sufﬁ;c1ent number of prompt' deexc1tat17h Y~rays

& ~

' - _ ‘ .
in’ the requlged energy reglon \It 1s essentlaltto.the' "
4 "_, :

acburacy of the ftsglts that this’ problem be overcome.

A srmﬁﬁe soluti oanﬁ”;

' g .
‘,%§§»Of two targets, the one

Y

g7 "f whos o llfetlme is te be meas-

§ - B ‘,',,";,", A’. ;r

sured an the second sypplementary prdﬂpt' r erence
D,Jr . ) R . ;

v—‘rays._- o %u« IR U R
‘Inxnos: preylous delayigjcoﬁ&c1dence %;perlments the

. DA S
prompt and delayed time dlelJ%Q&lQn curves were ob—_ ) R A

‘h . g - \

d '

= 5k : moe S
to electronlc drlfts and shlfts were: m;nlmlseoﬁﬁg! T

L NS .

SOrurces.Q€ This. methO' bv1ously cumbersome and thus-‘

't'ls very desrrable to obtaln the prompt and delayed :ﬁfa

5

tlme dlstrlbutlons 51multaneously imm order tqwav01d I

A
ln pulsed beam CQndltlons from one run to the next

Lo . R / N ’ T s
. DT N ~ H-/—/ ) . . . ;7_ E
. - . i o ¢ X . > ' .

é&e-measurements‘with‘the,two N

ALE



o w:\:;t.
. . Av i ;/ / N d - “&
) v Another important point to be discussed in _
: 4 ‘ . o | ¢
Chapter 5 is the observed centroid shift for a given ‘

4

energy between the time Seaks obtained.fro%geventﬁlin

which thg. full energy of the 'prompt' yer§s is depo- S
) sitedlin the Gé%Li)‘detector, and those-obtained from
Cumpton events in whlch part. of the energy of the

15

-ncident prompt' Y—a

dep051ted E&psvghe.peak | L

p{e] background ratlo 15”'e»y 1mportant in the determina- -\ ¢

~ tibn- of the true centroid,of_khe'backgroundvsubtracted;

)

:time“distributions and the associated error in this
'iresuit Background contributions can be reduced by the

use of self supportlng thin targets. The p0551b111ty of

l

L
v

target fracturevby the 1nc1dent beam is allev1ated by the
irrOtation of the target effectlvely 1ncrea51ng the tar- ;4§g

'—get area to the 1nc1dent be‘& Lo h; ng e
. NSt Cecd. :
p : Wlth these p01nts 1n mlnd it became nece} ary to ’

v

hudesign a tw1n target rotating system. Two photographs‘-f

»0f the rotatlng target system taken from dlfferent ‘ _
C o ; P
.angles are'shown 1nrf1gs. 27 and 28. Rotatlon in the ;.
. vacuum’ target chamber is pro%}dedﬁby a magnetlc coupl—'

" ing. capable of 550 ‘T p m. whlch is’ drlven By a’ 1/8 h.p

~.Varlable-speed motor( A system of geared pulleys the% !

C. 1ncreases the max1mum r.p.m. of the target assembly to
7000, tﬁe flnal drlve belng accompllshed by the fric-

tion of an O-ring pubiey. Thegtargetfrotatoriﬁitstinto‘
N - 1 Y - - -
S G . ~ o .

o -the inder’racé of a 5.08 cm bearing which, can-be

- . . . [
PR R R D -
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~

screwed in or out of the- maln assembly mount to prOV1de

the necessary and optimum friction for max1mum rota-~

_tlon. It was' found that best performance was obtained : flﬂ»

‘ When:the beamlngs were » lubricated with a small amount - | ’ ;

'i"A. of Molybdenum Dlsulphlde powder The target rotator,
Vbearlngs and bearlng mount were made of the same

materlal ‘steel to overcome.dlfflcultles due to heat

v Lo R P . i .
b8y expansron whlch mlght caese the 1nner and outer races
o o of the bearlngs to selze. The system is enclosed in a o

T, L
-

target chamber whlch has a - 35 gm dlameter w1ndow of
, R
s 0.12 mm steel.so de51gned tHat - taréets can be v1ewed

EASS .
. “

from 50° to l30° w1th raspect to, thé beam‘ax1s. ‘ w

"5 ::.;” 9 : ’ o ' _L w ‘:5 P ) R . 5 R S
J - s Cs o N '. : , R d\:t .» | 'u
ja*4.3‘ Target Dlscrlmlpator e Tk es T R ' 3
. . ‘ .4.,; - - : _{ ’%"L B . SRR . . PO .
) When u31ggutwo hargets, éach rotatlng ‘in.and out
D RN = SR oty

’
of t&e beam, 1t 1s useful to store the lnformatlon fr&m

o

”'eaeh target separately 5n dlfferent regions of the on- o
«:“‘L‘z . * ; "

llne egmputer ‘A separatlon of the energy spectra fronn*
o : o . ﬁ

each target means that the peak to background ratlo ‘is-

u

not adversely affected by the presegee‘pf Ehe “f;ond

.(

. L?L target. If the background shd%ld also contaln the~

c,lr - A{O’

s Compton tall of a y ray tran51tlon from a state whose N\
_ ‘ % '

' . ﬁgfetlme ig several nanoseconds then. the separatlon of

the energy spectra ellmlnates the’ problematlc effects

of this llfetlme on the tlme dlstrlbutlon peaks

A
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AL

'figt 30 a, photograph of the dctual NIM module. The

are amplified, i

A ‘
.
. .
-

corrCSpondlng to energy windows set on the other s ectrum
| 3

To producL this sepdratlﬁn of 1nformalnon from

. AN . .
NS M

N .
- each Larqet two igpt agertules aré maﬁhlncd in the tar-

get rotator dlametrlcally opp051tc at dlfferenﬂﬁéadll

ﬁhcptarggts are madc semicircmlar and screw onto the -

target rotator. 1In cbnjunctipn with these slots, a

light source and two photodiodes are arranged such that
3.

\ .
as the targets rotate llght‘ébn pass Lhrough elther of

The bcam is colllmated by_a system of mevable slits up=-
. . : v 3
L

strecam from thqﬁtargeﬁ and- is only incident on one o

[AE TR

target at a tTﬁd s1ncc.the axis of rotation of the,.

targets is 0.63 cm off the beam axis.

‘

The‘Outpute fromwthe tw0 pﬁotodiodesupaes‘thruugh

-

a kovar cdhzjgtlon from the talget vacuum chamber %p

v

o

.diedes‘have a h h output impedance. Flg 29 shoWs the

electrom1c c1rcu1t of the Target Dlscrlmlnator .and -

IRE
fundamentals of the Taroct Discrlmimator are illustratede

'in.fig.‘3l. ba51callyt3%e 81gnals from the photodlodes

sent into a fllp flop cir-

~

“cuit ‘ The outputs from tﬂls and_ the orlglnal 1nverted

N v

‘puﬁses are then fed 1nto two separate AND gates as.

D '.“"\ ’,'

. 1llustratcd in fi ; 31. 'The,fxnal,outputs are hlghi

¥y
°

73

‘the slots alternately and;be detected by ‘the phOtOledCS.n

:ance F.E.T. circuits since the photo— ,-]

L

)

v
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amplitude 5 V, or lo% when the térgc ‘e in or o

of the beam, respectively. This high output has an
‘amplitude sufficient to trigger a Universal Coincidence
box and is thus compatible with other logic signals

, used for c01nc1dence purposes. It is naticed that both
‘ . i

51gnals are low when the beam 1s sw1tch1ng targets and

[

thus a complete separatlon of the energy spectra from
each target”can”be achieved.

N . . . ) P
4.4 EXpérimental‘Electronics-and Method — T

© v

Y. Flg. 32 shows the Elock dlagram of the experlmen—'
tsi/electronlc arrangement.. The deex01tatlon Y-rays,'

. ) v detected u31ng a 23 c.c. coax1al Ge(Ll) detector, produce

I3

two 51gnals, one of Wthh is senb through a llnear

ampllfler and 1nto ADC P con51st1ng of two reglons, g
4 B

. . ‘ each 2048 channels., The othen%output 1s fed“lnto the

’Tn;ple Constan@ Fractlon Dlscrlmlnator, TCFD the

n .

output of 0.3 fractldn belng used to”‘START“'tpe tlme-

TAC. vThe_'STOP' 51gnal is prov1ded by ‘a capgc1t1ve )‘

-

o beam pick—off . The dﬁtput of -the téme TAC is then ‘fea

into ADC R, 31ze 1024 channels.u R I

The other two outputs of the TCFD at fractlons

. u y .
’ Lo,

0. l and O- S,‘respectlvely,"START' andﬂjSTOP'.the-itgﬂb

- . . -

. "+ 'shape' .TAC to produce a 'sha e’ spectrum in ADC Q;

-7 s1ze 1024 channels. The on-llne computer,'a Honeywell

' 516, requ1res a c01nc1dence 51gnal for all three ADC §

1
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thése peaRS'to act as 'prompt' references, and on the
backgrounds above and below theselpeaks. The centroids
of the resulting Qortgg\fime distribution curves wefe
obtained by setting 'begin' and 'end' channels at
approximately 5% and 7%% of the peak heighﬁ of each
curve. An averége‘of thése two results was then cal-
cula£ed with its associated error. This average shouid
be a more accurate value of the centro{d of the curve
because setting the 'begin' and 'end' channels is only
approximate since the statis£ics are poor in the outer
less well-defined parts of the curves.

The centroids obfained corresponding to energy
windows set on the background were then plotted as
illustrated by crosses in fig. 33. A béckéround time
" centroid curve is drawn through these points and the
values of the backéround centroids at the energies 6f
bthe ?—ray peaks can beAinterpolated so that background
subtractions;éah be executed. The resulting centroids
are then plotted'and the 'prompt' reference»centroids
‘are fitted with the function described below.

N In~most CFPHT units, zero-crossing detection is
based upon the use of a tunnel diode,which does not
switch instantaneously but requires an accumulation
of a certain amount of charge to activate the diode.

This charge is represented by the area under the curve

as il-_ustrated in fig. 34, and leads to the timing
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Charge required to
activate diode=Area

Fig.

34. Illustration of the timing error, At,
introduced by the requirement that a
small amount of charge is.needed to
activate the cross-over diode:
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error, At. This is the main factor leading to the walk
in the prompt centroid time curvé. By considering
pulses of different amplitudes»i,e. energy E, and the
same amount of charge to activate the diode, different
triggering times occur as showﬁ in fig. 34. A simple

relation can be calculated between At and E using

linearly rising pulses with equal rise-times:

At = B ] : A _ 4-1

Hence, Constant Fraction tr-iggering occurs at a time

t = A+ = . | 4-2

VE

This'relation was used to fit the prompt centroid points
with surprisiﬂg success. An~extra term,C logevE,was'
added to improve the fit at lower energies since '
the'waii of the prompt time centroid curve is

more pronounced in this' energy region.

However, in most cases the parameter C had a small

value. Any centroid which is shifted from this curve

~corresponds to a y-ray with a measurable lifetime. The;

time spectrum ADC R was calibrated using a precision
Time Calibrator, ORTEC model 462.
One of the greatest advantages of the above tech-

nique is the simultaneous acquisition of data for both

the prompt and delayed time distribution curves. Errors

due to electronic drifts and shifts which may occur

R

vy .
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between alternate experimental runs as was the case in

previous delayed-coincidence measurements, are thus

‘avoided. Also in previous measurements background

A

subtractlons were 1naccurate due to the use of sc1ntllla—_

tor detectors with their poor energy reSOlutlon. Cur
techniques goes a long way to solving this problem by the
cse of the target rotator system. Separation of the
spectra from the two targets by the Target Discriminator
module prevents 1ncreasun'the background to peak ratio
which is a major factor in;noducing errors in background'
subtractions.’ Due ‘to the extremely good energy resolu-
tion of Ge(Li) detectors, dlgltal w1ndows can be placed
on the Background continuum above and below the y-ray
peak to within a few kev of the peak, to ascertain the
true background contribution‘to the time distribution
curves corresponding to energy windows on the .y-ray peaks.

’Another_adyantage is that several>levels can be
investigated for lifetimes slmultaneously and hence the
1nfluence on the lifetimes of cascading y- -rays to the
levels of 1nterest can be studled ThlS is espec1ally
1mportant 1f one of the states cascadlng to the level
of interest has a measurable llfetlme. Coincidences
from other cascades has greatly distorted measurements
in prev1ous delayed c01nc1dence techniques.

Another plus factor of the technlque is that

centreid shifts are measured relative to the prompt

3

“
v .
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“the time analysis. Supplementary prompt.

85

time centroid curve at the appropriate energy. This

'is important due to the walk in the prompt time cen-

troid curve. Aﬁ_ultimate refinement of the technique

would be the‘development of the timing electronics

which produce a walk frge prompt time.centroid curve.
Simms et al.(Si 61) and Kim and Milner (Ki 71)

also récognized the necessity of obtaining the prompt

.and .delayed time distribution curves simultaneously.

Simms et al.obtained the desired result by a triple

coincidence technique which included B-y and y-y

coincidences using plastic scintillators and a NaI

detector. However, the method is limited by the number
of states tﬁat‘can be excited by B and y-ray transitions.
Another important point;wﬁich waé not considered is the
walk of the centroid of the prompt time distributions
with the energy of the detected radiation althougﬁ this

effect is less significant with plastic scintillators

‘than with Ge (Li) detectors. Kim and Milner} on- the

other hand, using a pulsed beam obtained the prompt

- and delayed time distributions‘simultaneously by having

the energy and time Qistributions accumulate in a two-

parameter analyzer operated in the_5;2x32‘channél mode;
512 channels for energy analysis ahdtﬁé}chaﬁﬁelé'forl

. }ifgrencé N
rays were obtainéd froh a seCQnd pérgét in ;psepératé

experimental run. The main problem of the two: parameter

7

r



86

analysis is that the time dispersion [0.567’ns/channe1]
is large compared to lifetimeshof the order of 10'_ll
secs and hence the resolution of the time distributions
must be good if centroid shifts of the %rder of a tenth
of a channel are to be measured_with accuracy. The
énergy resolution of tﬁe detector must also be excellent
to\fesol§e y-ray peaks differing in energy by a few
keV\since‘there are only 512 chgnnels.for energy -analy-
sis. The present technique overcomes these problems by
allowing the experimenter mqre freedom in determining
the‘size of the individﬁéivfédiOHSMQf spectra, Also

ﬁhe ability to choose only those y?ray peaks of interest
and to be able to sort the data with respect to another.
parameter, are additional advantages of the present
technique. -

* . _ . , .
There are two major leltatlons to the technique.
4 e

AN

\The first is the aVailabilify of suitable 'prompt' {
reference y-rays. The second is the peak to backgroundf/)
ratio. Itrwa; found that when this ratio decreased beléy
l:2_large uncertainties wére introduced in background
subtractions. Hence only Y-rays with reasanable inten-
sities can be studied.

- ~Another background problem is overcdme by setting
the détector—target distance to about 1 metre so that

by time of flight neutrons produced in nuclear reaction

at the target can be differentiated from y-rays. Other-
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wise thé detedtion of the neutrons leads to - time peak
which falls close to or under the time distr.hbution
curve obtained from y-ray detection. This situation
is obviously unacceptable. Although the large detector-
'target distance reduces the count rate considerably,

most experimental runs were less than 3 hours.
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~ CHAPTER 5

THE FJ.... ENERGY - COMPTON DILEMMA

In all the exporimgntal runs petrformed an interest-
ing feature has been consistently observed. It is fuuﬁd
that for a given pulse height thére is a centroid shift
between the fime peaks obtained fromn evengs in which the
full energy of the.'promét' Y-rays is deposited in the
Ge (L1) detector, and those obtained 1 rom Comptoun scatter-
ing of higher energy 'prompt' y-rays. An ideal 'prompt!
Y-ray is that which originates from a level whose life-
time is much less than, say, 5 Ps. An example of this
effect is shown in fig. 33 froﬁ experimental data ob-
tained in the study of lifetimes in 64cu. For future
refefence we define the,background and prompt centroid
time curves as the 'best fit' curves to the centroid
poineg irom energy windows set on thé’éompton background
and 'prom jé—ray peaks, respectively.

It is noted that for very low energies, those
less than 80 kev, the background centroid time curve
crosses the prompt centroid time curve. This can be
explained by the realisation that the front.face of
the detector is effectively 'black' to these low energy -

y-ZaYys and X-rays. Thus total absorption wouldfoccur

in a region of poor field characteristics of the

88
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detéctor. Due to these poor fringing.fields the collec-

tion time of the total charge formed by the y-ray-
) T
detector interaction would be increased and hence the

centroids of the time distribution cufbes for these

,//,

y-ray events would be delayed.\fHowever Compton events

’ ,// :

at the same energy could occq; throtighout the volume of
~f"~ - AN

the detector and henCe chapge l}ection times would not

; |f T £ 2

,J‘i 7
be delayed lﬁitﬁbwsame maﬁne;,f '
\V'.,\;, ‘L‘\

To 1nvest£§§te the ! phpnomenon at higher energies

the timing prepertles of the coaxial Ge(Li) detector

were studied by using collimated y-ray sources. The

first interesting results are shown in fig. 35. 1In

. . Co . 22
this case, a timing coincidence was set up using a Na

source and collimating the radiation to the Ge(Li)

-

detector by a 6.3 cm thick lead brick with a hole 0.4 cm

in diameter through it. The collimated beam was directed-

&
I%%5)

parallel to the axis of the detector crystal and dbved
in steps of 0.5 cm from~thé centre to the outer radius
of the crystal. Experiments were doﬁe with a 23 c.c.
coaxial Ge(Li) detector with the intrinsic region of

the crystal having dimensions 0.34 cm inner radius and
1.54 cm outer radius. Thg results shown are for the
system gated on the 0.511 MeV peak from the 22Na source.
A significanﬁ improvement in the time ;gsolution is seen

at the centre of the intrinsic region as compared to the

regions near the inner and outer electrodes of the

89

4



b ]
22,
Na Source
200} lﬂ
O-51IMeV- -
| 7O ps/ich
150}
. POSITION POSITION
o-ocm 0-5Ccm
100
50 R
[72]
'_
z © 51 100 100
(o]
O
! [
200
150} ‘
» :
POSITION , POSITION
rocm _ 5 cm
00
50—
1
o 50 100 0 50 100
CHANNEL NUMBER :
Fig. 35. Time distributionsngtained as a collimated

y~ray beam from a Na source was moved in
steps of s.5 cm from the centre of the

detector to the outer radiwp, the timing
system being gated by an en€rgy Wi n
the 0.511 MeV peak.

/

90



*°Co Source -
o -1 332Mev |

, ' | 7Ops/ch
45|~ ) '
POSITION . POSITION U
oocm | _ oscm
30— ‘ v
15}

0 i
b o-'IN‘lJ] ! 1
5 25 50
8 N
’ h )
60
\
POSITION . POSITION
-ocm 5 cm
|
30

T | i

Lr’jll | IM ] Hrﬂuwﬂn |
0 25 50 75 0. 25 50
CHANNEL NUMBER

Fig. 36. Time distributions 8btained as a collimated
" y-ray beam from a 60co source was moved in
steps of 0.5 cm from the centre of the
detector to the outer radius, the timing
system being gated by an eggrgy'window on
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detector. As shown in fig. 5, the centr& of the intrin-

sic region corresponds to pulses that- have the "hortest

. rise-times. o o ' ' ) -

13
-

Similar results are shown in f£ig: 36 for a

‘collimated y -ray beam from a 80¢ source with the

electronics gatedlon the 1.33 MeV y-rays. R ,f
In this case, however, due toé the Highep L

N

eﬂergy'y~rays the lead collimator ‘was not as effective

“but the same trends-are seen that are also observed in

5 -
r

fig. 3s.

: An interesting feature Gf these ‘curveés is that

i

_even at the centre of the detector;‘in a region which

should be 1nsen51t1ve, radlatlon 1s detected The

deterloratlon of thk early 51de of the tlme resolutlon

curves u51ng the ARC tlmlng technlque can be explalned
N\

o -

by events which occur 1n the’ central core of the crystal

b

and also in the intrinsic reglon nea; the 1nner elec—v
trode. Our technlque of pulse shape selectlon Wthh

ellmlnates these pulses, therefore eelects those evehts

Y

which occur in {he -centre of the 1ntr1n51c Iengn 1 e,

about 1.0 cm from the centre of the crystal. 5 e

Fig. 37 shows a plot of the centroids'of‘the‘

time resolution curves of figs; 35 "and 36 versus the ' ,

Acollimated.beam position. The p01nts 1llustrate that

y-ray-~detector 1nteractlons occurrlng towards the outer :

diameter of the crystal result in events whrch“are tlmed

[
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" the

later, This is consistent with the theoretical results
shown in fiés. 6 and 7 which show that the zero-
crossing time, tc, occurs later.as the interaction posiQ
tion moves towards the outer radius of the detector.

60CO 137CS

r ’

Using collimated y-ray beams from
?2Na and RdTh sources sepérately, and with no timing
coincidence in this case, a comparison between the
number of Compton and full energy events at a éiven
pulse height was consideréd for the four collimated
beam positions. The results are sbown in fig.j38.
They were obtained by setting energy windows oOrm the

full energy peaks of a given sourcg.and using the same
windows to select events from the Compton continua of
the other sources where applicable.’ The graphs are
plotted so that at the collimated beam position which -

shows a maximum, is normalised to unity. From these

bserved that there is a greater proportion

of (Compton to full energy events in the regiens near
ner and outer eiéctrodes of the detector. 1In
each cas¢ an approximate background subtraction was

done to account for scattering in or transmission through

the lead collimator, since perfect collimation is effec-

tively impossible.
These results are not entirely unexpected. 1In
this region most events selected from a Compton cohtfh—

uum almost entirely represent single interactions in

[
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the detector. However, this is not the case for the
full energy events as indicated in fig. 39 which shows
the calculated percentage contribution to full energy
peaks by mu}tiple scattering events. Bengtson and
Moszyfiski (Be 72) calculated these curves using a Monte
Carlo technique and assuming in the Compton scattering
problem that 90° was the only possible scattering angle
tolgﬁmplify the calcgulations. |

Thus due to this multiple ecgtfering pfocess
there is a greater .probability of obtalnlng a full \
energy event if the first 1nteractlon occurs in &he
centre of the intrinsic region of the detector. Opheré
wise subsequent interactions would usually not odcdﬁ
within the detector volume before‘total abeorption of‘
the energy of the initial y-ray is.obtained. This would
therefore account fer the greater percentege of Compton
events occurring near the electrodes of the detector.

Using these results combined. with the bbserva— 4
tions of fig. 37 one would expect to find the centroids /{
of the time distribution curves from Compton events
delayed with respect to those obtained from fullJenerg&
events at the same pulse height. —+ |

Sinee‘the time resolution is poor hear ﬁhe elec~
;rodes oneAwould expect to observe a difference in the

shape spectra across the face of the detector using

collimated y~ray beams. Figs. 40, 41 and 42 show the



 FRACTION OF FULL ENERGY PEAK

O'Br

0-7¢

06}

0-5F

¥

0-4

03

02

o

o 100 KEV
a 500 KEV
e |OOOKEV

1 A | . N i

Fig.

39.

I 2 3 4
NUMBER OF INTERACTIONS

The calculated _percentage contrlbutlon

to full energy peaks by multlple
interacting events (Be 72).

97



150

98

200 50 100.. 150 200

* CHANNEL NUMBER

100

50

r z ' '-5.0 z 5‘
e E -0 o€ j_.
k9 ™ = O
83 .,cg 22 =
~Su '
=
o ‘ _
93 c.
B =
nl N 2
28
Hl o
O o
ol S
w N
.
o
o
(o}
9 ——
_.‘_; ——
3¢ 3
-G
28 22 }
. . e a
] 1 ! l NG | | ]
J [=] o © (=) [<) o [e) o Q
o I o M o It o ©
‘ hd < " . SiINNOD » < © -
Fig. 40. ‘'Shape' spectra obtained as a collimated y-ray

beam from a RATh source was moved from the centre
of the detector in steps of 0.5 cm to the outer:

o

'radius, the system being gated by an energy window

on the 0.352 MeV y-rays from the source.

WJC/ | | ‘
. o “ln -



COUNTS (x10%)

[’4
!
A
6] Cs Source
O 66IMDV
12f— POSITION ° © POSITION
., 00€m 0:5Cm
8l— _l co l l
B
41—
0 A ] ] )
50 100 150 ~ 200 0 50 100 - 150 200
20} ' \
6 POSITION l : l POSITION l ' l
1-ocm ¢ ' rs¢m
“12p-
S,
8
o
l_: 1 | ] | ]
) 50 100 150 200 O 50 - 100 150 200
CHANNEL NUMBER
‘Fig. 'Shape' spectra obtained as a collimated

41.

y-ray beam from a Cs source was moved
from the centre of the detector in steps
of 0.5 cm to the outer radius, the system
being gated by an energy_window on the
0.661 MeV y-rays from a *°/Cs source.
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shape spectra obtained from the four collimated beam ,/

.positions at various energies. The figures show

results for the 0.352 MeV Y-ray from the RdTh source,
the 0.661 Mev Y-ray from the 137Cs source and the
1.332 Mev y-ray from tﬁe 60Co source. Similar results

were obtained for other full energy peaks. The arrOﬂs

on the diagrams illustrate the region used in our

pulse shape selection technique and correspond appro-
x1mately to bins 4 to 7 in figs. 17 and 19, that is
those bins which give the most improved time resolution.
These figures show the true significance of the
pulse shape selection technique. The technique effec-
tively selects those pulses which occur due to inter-

actlons in the centre of the intrinsic region while

: ellmlnatlng a great proportion of those events which

Ooccur near the electrodes.

The left hand hump, which could not'be theoreti-
cally obtained as illustrated in figs. 10 and 11, is
seen to come mostly from events'which occur-in the
Central core, or in what‘should be the insensitive
region of the detector. Obviously events which occur
in this region produce electron*hole pairs whlch are
still collected by the electrodes but with very long
collection times which glve rise to pulses with poor

time resolution characteristics. Thus by drilling out
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this central core, coaxial Ge(Li) detector should have
better time resolution.

Similar shape spectra were obtained for energy
windows set on the Compton continda of the sources,
however, no significant visual difference could be seen
between these spectra and those obtained from full
energy events. The slight difference, however, shows
up when one normalises the shape spectra for a given
energy anq collimated beam position and then calculates
the total number of events in that region of the shape
spectra which gives good time.resolution. Fig. 43 shows
the resplts of these calculations plotted as the full
energy to Compton ratio, for a given pulse height, versus
the collimated beam position. The same trends are
shown again as seen in fig. 38 that there is a greatér
perceﬁtage of Compton to full energy evégls in those‘
regions near the electrodes of the detector.

These slight.differences are furﬁher accentuated
when one caensiders the volume contributions at a given
.radius of the detector. The full face of the de-ector
'was irradiated with the sources separately and fig. 44
shows the total shape Spectra obtained from energy
windows set on the fﬁll energy anks and Compton con-
tinuum for the same pulse height. Cufveé are shéwﬁ for

the energies 0.661 MeV, 1.172 MeV and 1.332 MeV, and in

each section of fig. 44 the two curves are normalised

)
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in the 'good shape' region being selected.
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"Shape' spectra obtained by irradiating the full
face of the detector and gating the system on full
enérgy events from one source and the Compton con-
tinuum of another, using the same energy window.



to the same number of counts. It is seen that there is
1

a marked difference in the shape spectra obﬁained from

Compton events compared to those obtained frém:full

energy events especially at highér energiesp It is

expected that the shape spectra becomg similar at low

energies since in this case y-rays have & greater pro-
AY |

bability of depositing all their energyfini

N

the detector

in a single interaction. .
Simil -r difféfence;between Compton and full
energyafvénts have been seen'befofe (S£ 67, Mé 70,
Mo 72) using different techniques. The greater'pro-
portion of Compton events in the left side of the
shape spectra i.e. the region associated with poor
time resolution, dan be explained by noting that the
regions near the electrodes of a Ge(Li)_detector are
often poorly. compensated, the field therefore being
- weaker and enhancihg carrier recombination and charge
trapping effects. Thus y-rays interacting in these
regions/gften give rise to defective slow—risiné‘pulses
with poér timefresolution characteristics. Strauss and
Lérsen (st 67)[héve statcd that mujléf the continuum
at 1.33 Mev waQ dué to these defective pu;ses.
To finalise the study of the‘timing;properties
of coaxial Ge(Li) detectors, a timing coin#idence was
set up uéing a collimated beam from a 22Na source, A

directed at 0.5 cm intervals along the side of the ~

detector, perpendicular to the axis of the crystal.

105



’.//. ) . . )
. .. . ° s
a ) LR e
13 . - : .

Fig. 45 shows the time‘resolution‘éurVes obﬁéined with

[

the electronics gated on the 0.511 MeV peak at l.Ovcm_xn

- »

~int;ervals,frbm the front'face to phe'back face of .the Y
'cfystalf No shapefselection was“iévolyed’in'these' |
results. It is observed that the time resolution is,
pdbr at both ends-of'Ehe detector where the eleqﬁfic~
field, a fringing fieldr\is poorp ‘

A plot of the centroids of these time distribu-
<§ion curves, and those at other energies, against the
poéiﬁionyof the collimated beam are: shown in fi§.~46;'

This résult is quite'uﬁekpected,‘the.timing.coming'
earlier at}the back face of the detector. It"could
bé that the geometry of.the particUl&r.aetéctor used

;resuited iq a variation in the electric field-along
the length of the detector crystdl. HoQéver, as nd

Iy .

measurements have been done to see whether a similar
result occurs with other crystals no conclusi!n'is~
, | ' . S
possible. '

RS S
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Fig. 45. Tiﬁe-distributionsngtained as a collimated

Y-ray beam. from a Na source was moved in
steps of 1.0 cm from the front face jto the
back face of the detector crystal, the timing
system being gated on the 0.511 MeV peak.
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CHAPTER 6

ELECTROMAGNETIC TRANSITION RATES AND PROBABILITIES

By Heisenberg's uncertain principle,’the meanlife

of an excited nuclear state, is defined in terms of the

energy width I' for a y-decay as

-15

I't =HA = 0.6582 x 10 eV sec . ' 6-1

The radiative transition probablllty 1s the reciprocal

of the meanllfe

Ha

T:l
T

.

which»is‘fhe sum of the partial transition probabilitigs
T = 5 T(oL) ' | ‘ ©6-2
oL : : ]
where Lois the multipolarity of the decay and ¢ repre-~
sents the mode, either eléctric or magnetic.
The partial transition probability of a gamma

transition, angular momentum LM and energy E, from the

ta

-

initial level spln J. to the fl%al level with spin Jf

is given by (Mo 65, Sk 66)

! 7
) 7ﬁ ‘ » 2L+1
T(oLM) = —8m{L* 1) > L (5%) [<f[M [1>[ 6-3
LI(2L+1)1!]

| .
where MEM is the corresponding multipole operator.
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Usually one is not interested.in the orientation of

either the initial or final state, so one sums over

~

magnetic substates.Mf and averages over Mi’ Defining

the so-called reduced matrix element

Y

. : — 2 .
_ o .
B(oL, J;+J.) = (23, + 1) z |<f Mpyli>] . - 6-4
. M.M .
i'f
The partial transition probability becomes
8m(L+ 1) 2L+1
xL[(2L+-l)!1]2

T (oL) 'B(oL) 6~5""

1
ﬁ'(ﬁc)

The electri¢ and magnetic operators for % single
: ) } i
particle are given by

‘ - g H W -
E _ L o . “s’o 1 L -
,MLM = er YLM i ——E—__(L+l) - gxf.[gradfr. YLM)] |
‘ < | 6-6
and
MM - (_3_ g £>+ g s);[graa(rL Y . )] 6;7
LM~ Mo 'L#T Iy s > LM ' o

.ﬁrespéctiVely; The first term in each‘deﬁotes the con-
fribution duejto the orbital motion, whiie-the second
term arises from the ihtrinsié particlé-séin. -“o is
the nucleaf-maéneton and the-g's are the gyromagnetic:
ratios. | | | |
‘From these equations it‘follows'thét any 2vaolé
hultipoleiiadiation field carries angul;r momentum L

and z—éomponent M and its parity beingv(—l)L or (—l)L-l f

for EL or ML radiation, respectively. Hence from the

/
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conservation of angular momentum 2 pole radiation can-

- occur only between states whose angular momenta obey

the seLgction trules

o [J;=-Jgl s L 2 3;,+3;
and

M=P'4i"‘Mf ".‘

From the conservation of parity, one has

Am Eﬂi/nf'='(-)L. for EL radiation

L-1

=" (-1) for ML radiation

where'ni and T are the parities of the nuéleér states
involved iﬁ_the transi;ibn. : v .
In order tovset a standard for comparison of all
expérimental transitions, regardless of any model of -
the states involved, the so-called Weisskopf and
Moszkowski unité/;ere defined. Since one does not
distinguish neutron from protén transitions, for EL
transitidnsrinvolving a single proton, the main con-
t;ibution ﬁo MiM is provided by the orbital term;
For a éentral potential the wavefunétioné of the initial
knd final states can be Wfifﬁen as a product of a radial

function which depends on phe'details of the potential'

and a two-component function which contains angle and

<

spin variable but.is.independent of. the details of'the 

~potential. Thus the,electric multipole matrix element



v,

can be written as

© M M.
_ : L 2 f£* i
—efﬂfrﬂird:IoJYLMOJdQ
0

E
‘ L L
in f°f i~ f

<f|MLM|}>
where dQ refers tOuintegration oVer_all angles and

sum over spins. To evaluate the reduced matrix

element a 'statistical factor' S is_définéd as follows:

M.

: -1 £* My 2
S(JiL Jf)— 4"(2Ji+1), by |J 02 3 YLM 02-J 9]
M.M £f°f i"f
if 4n -
L L 6-8
wtich simplifiés»
S~ _ . .F ‘ '1 . 2 . v
S(T;LJg)= (2T.# 1) (I3, T.% - %|LO) . 6-9
Hence the reduced matrix element becomes
- 2.2L 7 DL ‘ :
_ e’R r - 2 2 _
B(EL) = =7 (f ﬂf(ﬁ) .lﬁ?,i,r ‘dr) S(I,LJg) . 6 lO'
0 _ :

In order to obtain simple standard units the radial

@

wavefunctions & for both .initial and final States are

assumed constant throughout the interior of the nucleus

(for r < a) and vanish outside (for r > a). On the .
basis of this constant density model, the values of

the radial integrals are‘giveh'as follows:

rL ‘ 2 A , '— .
J (Rf (ﬁ) ﬂi r” dr = 3/(L+ 3) . : 6-11
0
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A further assumption is made that the radiation of
multipole L occurs between the states J; = L+3% and

Jf =3%. Hence

S(L+%, L,%) =1 . 6-12

Thus substituting eqgs. 6—li‘and 6-12 in eq. 6-10 one
obtains the Weisskopf or Moszkowski unit fér an E;—
transition _ |

2.2L 2

: _ e R™ 3
.Bw(EL) = TIq (z=—%)

‘2 21, 21n/3.
a / [fmZLe2

1,3 . :
=4_7‘.(Lf—_+3) 1.2 ] 6-13

in units offm2£3 where the following relation has been

used for the nuclear radius

R=r ,Al/3 ; . “
o)

and where r, = 1.2 fm and A is the atomic number of the
nucleus.
Similarly a Moszkowski unit for magnetic tran-

sitions can be calculated:

e

. 2 5.2
1 _ L 3 2L-2 _ (2L-2)/3
By, (ML) = o (ppL 1) G 1.2 pf
l[fﬁzL-zuglb . - 6-14

2

“The Weisskoptbunit for magnetic transition is a numerical

approximation of this Moszkowski unit
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2
‘ _10 ,.3 2L-2  (2L-2)/3 . 2L~2 2 ,
Bw(ML)—-fF (f:§)v,l'2 A [fm’ UO]. 6

15

It must be emphasized that the above theoretical es-
timates are crude and are not expected to represent
accurately transitions in actual nucléi. Howevef,they
provide a starting point for interpretation of known‘h
re;ults. S , |

Several convenientﬁunits have been tabulated

(Sk 66) for use in the above formulae:

fic = 1.973 x 10711 Mev cm
e? = 1.440 MeV fm
u_ = 0.01589 MeV £

Another parameter of significant importance in

——

"the calculation of partial transition probabilities is
the E2/M1 multiple mixing ratio § which may.be defined

by the following relations:

2 _ T(E2)

87 = T
TIML) = —F— T
148
, 2
T(E2) = S—
1+ 8% /

and

T = T(ML) + T(E2) . = °



If the nuclear state should decay by other competing

processes such as internal conversion, the radiative

! N
f

decay lifetime TY must be corrected by

TY = Tobs(l + aT)

where Tobs is the observed lifetime and O is the

i B
total internal conversion coefficient.
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CHAPTER 7

EXPERIMENTAL RESULTS

7.1 Establishment of Suitable 'Prompt' Reference y-rays

One of the most important-pfoblems faced in this
research was the definitioh of the prompt time centroid
curvé. A sufficient number of centroid points corres-
.ponding to y-ray transitions from states whose lifetimes
are short compared to the time resolution of the system,
less than say 5 ps, are required. fhe usefulness of
the technique and the validity of fhe results hinge on
-finding a solution to this problem. .

The shortest lifetimes that can be measured hy
this technique are of the order of 10 ps, and lifetimes
of this magnitude or greater are most frequently
encountered in low lying energy levels of nuclei,
typically at ene;giés 6f less than 300 keV. 1In this
energy region the walk of the prompt time centroid'
curve is pronounced and becomeé-worse as the energy’
decreases. Hence, it is absoluuﬂy necgssary to have
sufficient reference 'prompt' y-rays ‘in this region
where, unfortunateiy(-there are very few 'prompt' Y-
ray transitions. Unless an isotope is foﬁnd which has
several 'prompt' y-ray transitions one has to resort to

>

a 'smorgasbord' target consisting of several dlfferent
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isotopes, each having one or two 'prompﬁ' Yy-ray transi-
tions, in order to adequately definé the prompt time
centroid curve. This would leéd to problems in target
fabrication and also the possibility of many unwanted
Y-ray transitions and nuclear reéctionsh‘

In some cases states thch have measured lffej
times less than 60 ps can be used to help define the
prompt time centroid curve'by adjusting théir‘centroids
amounts equivalent to their measured lifetimes. A

literature search yielded two suitable'isotopes, 181Ta

165H

and O, each with many y-ray transition from states

with lifetimes of 60 ps or less. Another advantage of
these two isotopes is that they occur as 100% of the

natural elemental abundance..

-

Fig. 47 shows the decay schemes of 181Ta (Ro 70,

NDS 73) and 165Hq (NDS 74) for the low energy states.

For proton beams of less than 5.5 MeV the states which
are strongly populated are the 136 and 301 kev levels
in lnga and the 95 and 210 keV levels in lésHo. Thé
y-ray traﬁsi;ions of interest, the 136, 165 and 301 keV

transitions in '81Ta and the 95, 115, and 210 kev tran-

165Ho, are shown in bold ink in fig. 47.

sitions in
The lifetime of the 136 keV level in 18lpa has

been measured using several techniques. Values'of

- 60¢5 ps (Bl 60) and 61.4¢5.4 ps (Ar 70) were obtained

using a microwave beam pulsing system. Steiner et al.
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(St 69) obtained a value of 55t3 ps usingfthe MSssbauer
Effect and the weighted mean of sevefal Coulomb Excita-

tion measurements yields a reduced transition probabi-

4 2_ 4

lity B(E2)+ = (2.0:0.4) x10% e’fm® from which a lifetime

‘ ’ . P
of 55%11 ps is calculated: (NDS 73). The weighted mean

of these results, 57.2%2.3 ps, has been used in this

work.
The reported lifetime of the 301 keV level in

18l;. is 21.6%1.7 ps (NDS 73) which has been calculated

4 2_ 4

from an average value of B(E2)+ = (0.5020.04)%x10" e“fm .

The lifetime of the 95 keV level in 165Ho has
alsp been measured using several techniques. Armbruster -
et al.(Ar 70) obtained a value of 40.6+3.4 ps with a
microwave beam pulsing system. Blunck et al.(NDS 74)
uéiné the MOssbauer Effect obtained a value of 31.740.6 ps
which is in agreement with the value of 321 ps'(NDS 74)
calculated from the B(E2)+ result“(Ol 60). A weighted

mean of 32.0+0.5 ps was adopted for this work

The llfetlme for the 210 keV state in l,SHo is

N3

,.q\{v.\/ s

18. 8+l 2 ps (NDS 74) calculated from the measufed B(E?)A

value of (01 60) of (0.63:0.04) x10% e2fm?.

To define the'prompt time centroid curve at even

lower energies the X-rays of both 181Ta and %GSHO were

used. These include the K X-rays at 56.28 and 57.54 .i;
181

" keV and the K X—ray of 65.20 keV in Ta and the K

B ‘ .
X-rays of 46.70 and 47.55 kev in 1®°Ho. X-rays of these



eﬁergies have very short Lifetim$s which are illustrateq

by thé measurément of Ehe width of thé K, X-ray transi- |
\\\fion in 2°7au at 68.61 kev to be 54 ev (He S4).. This

is eq@ivalent to a lifetiﬁe of 0.012,fs; '

.Thesé’x—rays together with the Y-raythahsitions

digcussed above define the prompt time~céntroid.curve

very well below 165 kev és illustfated in fig. 48.

TﬁéSe results were thaiﬁgd usiné a 5.0 MeV pulsed

proton beam on two targets, one\being al mg/dm2 en-

riched 64Ni foil and t@p other composed of two sections

. S ‘ o
consisting of a 110 mg/cm2 l65Ho foil, and a 156 mg/c'm2

18lra fo0il. The cenfroids at 95, 115, 136, 165, 210 and

310 kev were adjusted to take into account the measured
lifetimes of the states‘from.Whiéh these transitions oécnr;
v . . N

To definewthe'prompt time centroid curve at R%

-

energies above 150 keV more accurately;avdeﬁgiled

.investigatioh of the lifetimes of theéstétes\in 64Cu
was performed. 45u was chosen'beEause its y-ray

‘décay_scheme (Gr- 73) has many transitions bet&een;159
and 600 keV, an important energy région f;r life%ime

)

investigations. Recently a detailed investigation of

the properties of the excited states and y-ray tran-
N - i ,
= ) ) . . . .
sitiong in 64Cu was done in this laboratory for a

Ph.D, dissertation by Green (Gr 73). Fig. 49 shows

64Cu beloy 927 keV., The states
e : oot :

in %%cu are ekcited via the 54Nikprn)64cuv reaction .

v

the level scheme for -
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which has a Q value of -2.458 MeV. An illustration of
the experimental results for the 159, 203, 212 and “
278 keV- transitions are éhown in fig. 48, the centroids
being indicated by crosses. |

Several other second targets were used in order

to provide 'érompt'Y—rays to détermine the lifetimes
of the levels in °%cu. The 278 kev level in 19724 which
decays to the ground state has a lifetime of 21.6%*1.2 ps
(NDS 72) which is calculated from the B(E2)+ and the

mixing ratio measurement by McGowan et al. (Mc 71).

197

Thus by using a Au foil target]the lifetime of the
{

,leyel.at’278 kev in ®4cu could be measured.

Two other targets used were NaCl evaporated on

=]

181Ta and natural copper foil. The first excited state

23

at 439 keV in “~“Na has a, value cited by Endt and van der

Leun (En 73) of 1600*80 fs and the first three excited

63 65

States of Cu at 669, 962 and 1327 kev, and Cu at

771, 1115 énd 1482 keVraIl‘have lifetimes less than
.f- .

1 ps (Wo 70). A final comparison target used was a’ s

],'mg/cm2 enriched 47

the states in 47V. The level at 660 keV haslbeen measured

+2.8
» =2
technique. (Bl 73). ' This state has three decay modes;

Ti foil. The -{(p,n) reaction excites

to have a, lifetime of 4 ps by the recoil distance
a 48% branch to the ground state, a :15% branch to the
first excited state wia a 572 keV y-ray and a 37% branch

to- the third excited state via a 400 keV y-ray transition.
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An example of an experimental run uSing the
®4Ni ana *7Ti foils is shown in fig. 50. Eighteen
experimental runs were performed t6 obtain the
lifetiﬁes in ®%cu and the results are shown in
table 1. The formulation used to calculaﬁe.the ,
weighted average is that employed in Nuclear Data
Sheets: If xliAxi, xzisz.,,xniAxn are n independent

measurements of a given quantity, the weighted average

of these measurements is X*AX where

x

=W ) xi/(Axi)f
and— ) | .
w:——l_:z.
Z(Axi) \

and Ax is the larger of (W) % and [WZ{(Axi)—Z(i-xi)%Vh—lf?
In those cases where no centroid shift is observable -
the result is quoted as an ﬁppéf limit using the error
Ax as ‘this limit.

| 64

The results shown in table 1 indicate ‘that Cu

-1s an excellent source of 'prompt' reference Y-rays.

e
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Table 1

Lifetime reshlts for 64Cu.

'126

Level Transition to Branching Ratio Lifetime
| - _ - ;

B, (kev), I V‘Ef(keV) v Ig (%) . (ps) |
159 ,i2% 0,1t 100 29.8:5.4
278 , |2 o, 1t 100 6F/
344 , o, 1" 96 <5
362 , 159 , 27 Y: <6
574 , 4(2) 362 , 3 100 9¥3>
609 , o, 1" 82 <13
633 , 1 o, 1" 32

x 159 , 2 27 <12
\ 278 , 2 35
) . N | -
739 ,(2,3) | 159 , 2 77" <16
| L ‘ . :
746 , 3 ¢ | 278 , 2% 100 <18
+
878 , 0 | 344, 1% 42 <22
\ .
| ‘ £
895 , 3 ?78 ,ﬂz‘f?:> 49 <29
927, 1(3) d7g , 2(F) 59 <15
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'

7.2 A Lifetime Study of the Isotopes of Titanium &nd

and Vanadium

‘ The isotopes of Ti&anium and Vanadium have many
low energy excited stateé whose lifetimes have not been
measured or where previous measurements. show disagree:
ments in results. It was felt therefore ﬁhat an

_inVéstigation of these levels would be useful in obtain-
" ing several lifetimes, illustrating the potential of ‘the

technique, and would furnish more information on those
discrepancies which occur in previous reported measure-

ments. y
A complete set of l%"x %“ rolled isotopically

-

enriched Titanium foils were obtained from Micromatter,

" Seattle. In addition a 64

Ni foil was also obtained.
The relevant information on the isotopic analysis and
-ﬁhibknesses is given in table 2..
7.2a 137i

S

The decay scheme for 45Ti as given by Jett et al
-(Je 68) and Iyéngar and Robertson (Iy 71) is shown in
fig. 51. -Lynch et al (Ly 70) have measured the life-
times of the first and second exéited states to be
4.520.5 us aﬁd 17.2%1.0 ns, respéctively; usiné'a post °
accelefatién ﬁulsed proton beam. .fhe second‘excitéd
state haslalso been measured, using'the pulsed proton

beam technique, by.Blasi et al. (Bl 69) to be 16.6%2.2 ns.

p;



‘Table 2 _ \ -

Percent Isotopic Composition

128

e

Thickness

Target
A=46 @ 47 48 49 50 mg/cm?
46,,. |
Sl 83.8 5.0 9.76 0.73 0.73 1.01
47, T ‘ 1
T 1.87 . 80.1 15.8  1.11 1.1 1.001
485 0.17 0.2 99.36 0.17 0.11 0.981
1.33  1.25 14.09 81.61 1.73 1.01
1.7 1.3 12.4 1.5 83.2 1.01
A=58 60 61 62 64
64 - 0.92 0.99

Ni .

0\]3_}0.05 0.38 97.92
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Fig. 51. Experimental level scheme and previous
lifetime results for the states in S
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The lifetimes of the higher energy levels have
been measured by Iyengar apd Robertson (Iy 71) and -
Zuk et al, (Zu 72), both using the Doppler Shift Atten-
uatioen Method. Theirvresults are shown in fig. 51.
The levels of interest in this wprk<ere tﬂoée which
have lower li;its i.e. the levels at 330, 74% and
1227 kev,. However,’ these levels have been investigated .
by Blasi et al, (Bl 71) using the recoil distance tech-
nique throuéh the 31P(160;pny)45Ti reaction at an 1%
beam energy of 36 MeV; The following iifetimes were
found; 330 keV level, 1.72%0.10 ns; 744 kev ievel,
14.5%2.5 ps; 1227 keV level, 4.0%0.8 ps.

The two targets used in the investigations were

a’4SSc foil, 48 mg/cmz, and the 1 mg/cm2 enriched.64Ni .
4

foil. Pulseq proton beaﬁ; of eneréies 4.2‘to 4.5 Mev
were used to_excite the states iﬁ 45Ti and 64Cu via
the (p,n) teactien, the @ value for the 4'SSc(p,n)45T:L
reaction being -2.83 Mev. An'illustration of the
results is shown in fig.,52; The weidhted mean of
six experimental runs gave a llfetlme for the 330 keV
level of 1.585+0.020 ns. This result is slightly
smaller than that- quoted by Blasi et al (Bl 71) of
1.7240.10 ns. The 293 kev Y ray tranSLtlon from the
330 keV"leyel has been.found to be. isotopic (Iy 71,
Zu 72) andatherefore no mixing‘ratio has been feuhd.

Assuming the! transition to be pure El, our result
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‘which yields an experimental El transition width

P(E1) = 4.15 x10”7 eV which using the Weisskopf esti-
mate cér:esponds to an El strength of 1.9 x 10"5 W.u. .
For a pure M2 mode of decay,; the M2 transition strength
is 1033 W.u. M2 enhancements of this magnitude are

th found, howe&er, the El strength is not an unreason-—

able result and thus the transition is expected to be

mainly El.

No observable shift was seen for the 414 kev
Y-ray transition from the 744 keV level and an dbper
limit of <16 ps Qaé calculated for this lével. The
parity of the 5/2 spin, 744 keV level is not known,
however, Blasi et ai,(Bl 71) have suggested a posiﬁive
parity since this state could be the 5/2+-member of a.
possible rotational band. The 414 keV transition has
been found to be isotropic (Iy 71, 2u 72) and‘lhus no
mixing ratio has .een establiéhéd. Assuming the lowest
- mode of decay, a positive parity for the 744'key level
would result in a M1l strength of 0.03 W.u; and a nega-
tive parity would lead to an El strength of 7.5x 10~% '
W.u. Both these sfténgths afe not,uncommop‘and hence
the parity of the staﬁe cannot be estabiiéhed from life-
time considerations.

7.2b 4714

Fig. 53 shows the decay scheme of 377i (We 72).

Also indicated are the results of>lifetime measurements
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- X o B -
using the Doppler Shift Attenuation Method obtained

by Weaver et al.(We ‘72). Of the higher energy levels,
the states at 1.794, 1. 825 2.365 and 2.416 Mcv are .
possible‘candidates for lifetlme measurements by our
technique. However, the two levels at 2.365 and 2.4l6[

Mev did not provide sufficient yield using the*(p}p[)
e . VRS
reaction reaction to make measurements possible.

-

For the 160 keV +g.s. transitigq%heaver et al,

(We 72) obtained/a mixing ratio of § = ’.0£2i6.007. 2
o & . :

s

_ . , .
The-B(E2)+ valjue for the transition has been-determinéd

us1ng Coulomb Exc1tatlon by ‘Temmer and Heydenburg

(Te 56) and thter et al, (Rl 62) wHElobtalned respec- -

4

tlve values of 396 ezfm and 280 ezfm w1th +lS% errors.

"These values correspond to a welghted mean value of : '“'

S
2 4

fm~. - Using thlS result and their ° .

B(E2)+ of 23934l e
m1x1ng ratio, Weaver et al, calculated a llfetlme‘of

25+ig ps for the 160 keV state, Hoyever, ﬁdlland ant

Lynch (Ho 61) us1ng a ‘post acceleratlon pulsed He

~a +

beam and a NaI(Tl) 501nt111ator detector obtalned a

llfetlme of 320%100 ps for the 160 keV state A re- '

g

measurement of the llfetlme of this level is therefore

1nd1cated '

Measurements were done on the l60 keV level’ |
Ausingdthe 47T1 foil. and the 64Ni goil attached to the - \\\\
156 mg/cxu2 181Ta f01l The results of one of the

experimental runs are shown in fig. 54. The two points
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.

~

at 172 and 260 keV correspond to the decay of the thlrd
ekcited state in 47V which will be dlscussed in a later
section. The weighted mean of eight runs gave a life-
t1me of 3018 ps for the 160 keV state which is in
agreement w1th the value obtained by Holland and Lynch.
'Using the weighted mean value for the‘B(E2)+
and then odr result for the lifetiﬁe,a mixing‘ratio of
$ % 0.095#0.003 is obtained. From these results the |
160 kev-*g S. tran51tlon has an E2 strength of 24 W. u.

and a M1l strength of 0.03 W.u.

The levels at 1.795 and 1.825 MeV were studled

using the 47T1 foil. Two second targets were used; a

51

Ti foil and a V target prepared by mixing powdered

V205 with benzene and polyurethane and smearing the

resulting glue thinly on a plece of gold leaf. This
target is commonly referred to as a gloop target. ﬁﬁt
Kavaloski and Kossler (Ka 69) have studied the levels

in 48T1 up to 3.74 MeV eXC1tatlon energy. uslng the

s

Doppler Shift Attenuatlon Me'thod. Thelr results and

v

{-level scheme are shown in fig. 55. SzOghy et al (8z 73)

'“~;Lused the same technique' to study the levels in 51Cr

below 4.1 MeV excitation. Their results and level

scheme are also shown ‘in fig. 55. The'SlV(p,n)

reaction Q value is -1.532‘MeV, so that the 51V target

plus the 48Ti targe§>provide many 'prompt' reference
y-rays for the study of the two levels in 2/7i. as

-

¢

136
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shown in fig. 53 supplementary 'prompt' y-rays are-
also available from the 47Tibtar'ge‘t.

The experimental'?g;hlts gave no observable.
centroid shift for the 1.795 and 1.825 Mev Y-rays
and hence'upper limits of <23 ps and <10 ps were
calculated, respectively, for these levels. Weaver
et al have tentatively set a value of spin 1/27 to
the l.795vMeV'level,‘ The Weisskopf E2 transition -

width for the 1.795 Mev transition to the ground state

4

spin '5/2° is 1.51 x 10" " eV and hence the measured

limits on the lifetime correspond to an E2 strength
of 0.19 W.u. < (E2) <2.17 W.u. Weaver et al assign a
.spin of 3/2+ to the 1.825 MeV level with mixing ratios

for the ground state'transition of either 6=0. 21920.037

2. 18+0 18

or § = -0. 16'. Based on the experlmental limits for

- the llfetlmes the flrst m1x1ng ratio corresponds to
limits on the El and M2  strengths of 1.16 x 10> W.u. <

(E1) <5.96 x 10™° W.u. andO 54 W.u. < (M2) < 5. 22Wu.,
respectively. Slmllarly for § = 2.18+8 ig the follow—
ing limits are obtained; 1.88 x 10~° W.u. < (E1) <

1.21 x107° W.u. and 13.6 W.u. < (M2) <71.9 W.u., res-

pectively. The M2 enhancements obtained for § = 2, leg ig

are rather large so that' lifetime considerations 1nd1-
(/.
cate that § = 0.21940.037 is the more acceptable mixing

ratlo for this tranSLtlon.
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Co
7.2¢ - 49y

No lifetime information at all has been reported

for 49Ti. The level scheme of fig. 56 -is that given
in Nuclear Data Sheets (NDS 70). Since the 49Ti(p,n)f,‘9
49

Q value is -1.384 MeV, the excited states of "°Ti are

- not observed using proton inelastic scattering. Henhce

a 4.0 MeV pulsed deuteron beam was used to investigate

47 48 \

the levels in 29Ti. The Ti and " °Ti f01ls were usei

as the two targets. 'Prompt' reference Y—rays are
provided by the 47Ti(d,p) Ti and the 48Ti(d,n)

‘ o 4 \
reactions lifetime measurements in 49V are discussed

\
\

in section 7.2e. The results of @ne of the experimental
runs- are shown in .fig. 56. No shé%ts were observed for

. the 1.381, 1.585 and 1.762 MeV y-réy transitions in

49Ti. Thus upper limits for .the liﬁetimes of these

1 i
. ‘ \ . . |
levels are: . : | ‘\

1.381 MeV. level <5 ps o \
©1.585 Mev level < 11 ps
1.762 MeV level < 14 ps. :
— .
The 0. 342 Mev y- rayltransptﬁon from the 1.723 MeVv
level to the flrst excited state,at 1.381 MeV could not

be studled since no sultable prompt' reference Y-rays
Rl I ekt

could be found in this energy reglon\\elng qhe pulsed

deuteron beam. e ‘ \

N o : . \ o
All the experimental results obtained for the
Titanium isotopes are shown in table 3 together with
. . \

\
\

.",\- ' -s. :
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y -

previous results. The experimental transition widths:
are also shown with the transition strengths in:
Weisskapf units for both electric and magnetic y¥ray

transition decay. modes.

Blasi et al (Bl 73)4investigated the low lying .
. 1evels in 47V.through-i:he 47Ti(p}n)47v reaction with

proton’ energies between 3.6 and 5.3 MeV and through

the 40 (lO

B,2pn) V reactlon at a beam energy of

25 MeV. Their level scheme is shown in fig. 57. The
~only lifetime‘meaeuremehts on the levels in *'V have
been performed by Blasi et ai{(Bl 73) using the reepil'
distance technique ﬁo‘study the ievels at 260 keV and’
above and a pulsed proton.beam to obtain uppef limits
of <lns for both the ledels at 88 and 146 kev. Their

results are also shown in fig. 57.

The level at 260 keV was studied using the

47Ti feoil and the 64 181Ta f01l comblnatlon as the

second target. The 47

Ti(p,n). Ty reaction has a Q
Qalue of -3.690 MeV. Aﬁ example of the experimental
results is shown in fig. 54 of section 7.2b. The
weighted mean of»sig ekperimental runs yielded a
lifetime of 78:11 us for the fso kekd level which is
in agreement w1th the result of 90*12 ps obtalned by

Blasi et al. The spins of the 260 key level and ground
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- using as the second targifbfgsA‘ Ta

state.are 3/2% ana 3727, respeétively, and hence

assuming a pure Ei decay mode- the present result

leads £Q an El transitioh.strength of 5.46 x10"4 W.u.
Thé levels at 8§ and 146 keV were studied

181,165, foil com~

bination and a 5.0 MeV pulsed proton beam. Typical
experimental results are shown in fig. 58. The

fesﬁlting lifetime of the 146 keV level observed by

‘the 58 keV y-ray transition to the B8 keV level is

786195 ps. The centroid shift of Ehe 88 keV y-ray is
équivalent to 1173137 ps. However, the contributiocon
to the ¢entroid shift by the cascading 58 keV y-ray
must hevestéblishedlat the angle of observation in
order to determine'tﬁe lifetime of the 88 keV level.
To egtéblish the contribution} an angular
distribution of the 58 and 88 keV Y-rays was performéd
uéing a d.c.vproton beam at an energy of 5.0 MeV. .
The,results_wgicﬁihave been corrected fof absorption
in the walls of the target chamber and the relative
deteétor efficiency éfe shown in fig. 59. The angular

distributions are seen to be nearly‘isotropic,

-

144

The angular distribution of nuclear Yééays can W%

be written in the form (Ro 67)
W(e) = 2 a P, (cos 6) . ' 7.1
k' even
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Rose and Brink (Ro 67) have shown that, if only'two
multipolarities 'L and L' are. present in the decay,

the coefficients ay can be written

a, = 1—:—;—— [Rk(LLJlJ2)+ 2512Rk(LL J1J2)+-512Rk(L L'Jy )] -
12 )

7.2
where Jl is the épin of the decaying state, J2 the spin

of the final state, and 612 is the mixing ratio of the
L "Q
radiation. The Rk coefficients are "geometric" factors

L 4

containing vector coupling-coefficients and are deter-

mined cbmpletely,by'the spins and mﬁltipolaiities_

lnvolved in thewaecay. The By (J,) coefficient contains

4

the physics of the formation of the stateﬂﬁf and is

related to the.population parameters lel) of the sub- -

. states of J..° 5 2 ' ..

1
’ J ) ‘Jl-ml i
B, (3.} =vV3TFT )T =) (3, J.m,-m |k0)P(m ) . A
kY1 1 LA 1Y1™M™ .
| 17l N ‘ T

el . a

The B (J ) coefflclents have been calculated TG& 71)
uéing the Compound Nuclear Statistical Modg; (sh 66)"
for the analysis of thé (p,ny)-reaction, In this
modei the substates in the residual nucleus are almos?v
equally_popﬁigged to'ml = J(ta;gét) + 1.

'If thé state of séin leshould cascade to another.
state spin J3 and if thisvcascaéehis observed then the -

nuclear alignment parameters Bk(Jl) in eq. 7.2 must be

R 147

1]
.
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,réglaced by Bk(Jl)U (J jJ,) where v KQJ

Uk(JlJz) ! [Uk(-LJ 2) +612 k(L‘JlJZ.)]/(l +<sl,_) . 7.4

. %%~ S
12 refer to the cascaue from state spin Jl

to state Spln J2 and U (LJlJZ) are coefflclents con-

g L, L' and §

talnlng vector coupllng coefflc:Lents determlned‘om-—p

/ .
‘pletely by the splns and multlpolarltles involved in

w the decay, 612,in'eq. 7.2 must also be rea&aced by

623. ) 4 . LI

Assuming the maximum limit for E2 enhancements

as used in Nuclear Data Sheets of lOOO-W.uL;an upper -

-

limit for the mixing ratfb,of-léi < 0.08 is.obtained.
for the 146 » 88 keV y-ray transition using"the present

,5‘; result for the llfetlme of the 146 keV level. Using

T
wthls value and the slope of the 58 keV y~ray angular

‘\“d

o

IR S

”dlstrlbutlon to obtain a value of a, [calculatlons yiéld
a, ” 0], eq. 7.2 glves B, (Jy) = -O 076. This small
value of B (J ) is expected since the target nucleus

47T1 has a ground state’ Spln 5/2° and thus equal sub—f‘

) A&;' ‘

' state“populatlons are ex@ected up,to m; ‘= 7/2" which
D : ) : o ' :
is the spin of the 146 keV state. Equal substate pgpu-
. . . | M

~lations result in an isotropic angular distribution

slnce B?le) % 0. . ’ '

R
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. & Because B (J ) = 0, the angular dlstrlbutlon of

the 88 keV' y-ray should also be 1sotrop1c and thus
,u51ng the relativ: ag coefflclents as obtalned from b
fig. 59 the llfetlme for the 88 kev level was calcu-
lated to be 951+52 ps. Mentl (Me 67) has done Internal
Conver51on Measurements on 47V and according to hlm

the 88 keV state decays- 98% of the tlme v1a tﬁe Ml mode
to the grd:nd state.? Hence assuming a pure Ml decay

the present result corresponds to a M1 sktrength of

0.05 W.u. Again, assuming a pur® M1 decay for the

"y

' . N o . )
146 -88 keV y-ray, transition, the present result of Voo
786195 ps for the llfetlme of the 146 kev level yields ‘ Y
a ML strength of 0.21 W.u. ‘
o o
45’ - I s
7;2ef \Y : o N - S S
’ e

The level scheme of 49V is shown in fi

-~

‘the work of Blas. ot u (B1 71a). .The 1i

levels above the secon&ﬁexoited state ha been studfed*"/
"“J v c o . sl

using the Doppler Shift Attenuation’hethod by Kiurh"

"1," . ..
(Ki: 72) using the 4_8Ti(p y) V reactlon at a max1mum

2

beam energy of 1. 57 MeV and recently by Tabof and

Zurmﬂhle (Ta 74) u51ng the 46T1(a,p) \Y reaction-at

a beam energy of 10 Mev Their results-are shOWn 1n
i‘fflg. 60. The llfetlmes measured by Tabor and Zurmuhle

for the 748 and ll40 keV levels are substantlally larger ”

.x"

wthan those reported by Kluru : ngever, most of the other
. . x »,f‘
S 4 S

Al
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llfetlmes are in reasonable agreement. Brown et al

(Br 74) u51ng the recoil dlstance techniqué and the

46 Tl(a,P) V reaction at a beam energy of 11 MeV e

obtained a value of 5.1:1.0 ps for the 1021 keV level.
The lifetime of the level at 153 keV has been

measured using several technlquesw Currie (Cu 63)

using a B -Y delayed 001nc1dence technlque obtained

a value of 29.7t0.8.ns. Blasi-et al (Bl 71a) using

a pulsed proton beam obtained a lifetime of 2@*&32 9 ns
' 4 \ t
‘and finai 1giani et al (Vi 72) .using aVY delayed

‘colnc1dence technique obtained a value of jghiio 5 ns. \

Two measurements of the'llfetlme of the flrst
excited state at 90 keV have been reported gpth u51ng ‘ 6'- “aa

-t

the B+—y delayed c01n01dence technlque Cheung and Mark \"gﬁb;i

(Ch 71 obtained the value of 62029 ps while Okon et al 75%#v
(Ok 73) measured the llfetlme to be 476% 29 ps. Th/se
—results are seen to be in dlsagreement and a~remeqsu§? i

égnt of the lLfetlme of the 90 keV level would . prov1de

P

more information about this state. ' S % .

- The mi foil was used to studygthe levels in ( o
""49V via‘the 49TJ.(p n)49V redction which has a Q value

of —l\384'MeV Supplemqé#ary 'prompt' .reference y—rajs

were obta;ned h51ng as the second targets the“lnga—lGSHo :

y o 64,7181 " 3 S
f01l comblnat;on and the ¥én Ta foil comblnatlon.

I o e 4
Dué to the long lifetime of the 153 keV level ‘the Slope'

[ - - .

Method was used to ealculate the lifetime. Fig. 61 shows .

3
»



T,,_,;;}

152

DISPERSION = I 75 4ps/channel

1 ]
500 600

V. 153kev — g5,
L. 1

300 400
CHANNEL

<

200

00,

Fig. 61.

'l 1
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' Logarithmic plot of the delayed.time distribu- ’ a

tion of the 153 keV »g.s. transition in 49y, 8

w ety
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- , after the subtraction of the tail contri-

-~ tidn due to the 153 ~+90 keV decay.



a logarithmic plot (base 10) of the delayed time

distribution obtarned'from the 153 keV~>gqg.s. decay.

A backgrohnd subtraction has been performed on the

result ahdwn'in fid. 61. A least squares fit to the
18

slope from seven experimental runs yielded a lifetime

of 28.71%#0.35 ns. This result is in excellent agree-

g

ment with the previous results:

| 'The 153 kev tranSLtlon is expected to be solely
E2v1n character since the transition proceeds from the
3/2° ‘153.keV level to the 7/2° spin ground state via(
a 58% branchf The experimental transitionhwidth.for
'this decay is 1.33)x 1078 ev and so)ourdexperimental
ﬂdeterminagion of the lifetime orresponds to an E2
strength of 18. 5 W.u. iﬁ

The calculatbon of the llfetlme of the 90 keVv

v

level is compllcated by the 42% branch. from the 153 keVv

o

‘level and thus the delayed time dlstrlbutlon fog the
90 keV y-ray transition has a tail as 1llustrated in
fig. 62. The ‘analysis entailed first tée subtraction

of the backgronnd'c trlbutlons from the time dlStrl—

butlons of the 90 an@ 153 keV Y-rays. stng the delayed

-tlme distribution of the 153 keV Y- rAy,‘a flt was made

to tHe tail of the time dlstrlbutlon for the 90 keV Y-

guu ray ‘and a subtractlon performed ‘Account was. taken of

_the walk wzth energy of the prompt tlme centroid 3prve

_between the two energles, 90 and 153 keV. The reéultlnb

%

day

’

T “ s

. \\\
154 \
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time distribution for the 90 keV y-ray is shown in

fig. 62. Since the tail contribution is relatively
: ) . - -

‘small compared to the \time contribution to the 90 keV )

y-ray decay from direet population of the state by

the (p,n)'reaction,:a 100% error invthe deterﬁinationf
of the walk of the prompt‘tdmehéentroid.cutve would
only lead to an error of 15‘p; in' the fﬁhal result.

fAnothertpoint considered was theheffect of the
small change in FWHM between prompt time distributions
at 90 and\153~keV. An investigation of this effect
indicated that a maximum pdssible error of 20 ps could
\ .

occur: i

An exanple of the experimentai results using a
5.0 MeV pulsed gxoton beam and the two targets, the
49Ti foil and the 18];Ta lGSHo feil combination, are}e
shown in fig. 63. The Weighted mean of six‘experimental
runs ylelded\a llfetlme for the 90 keV level of 329+l9 pSs.

,-,,_r, 'cﬂ r o

:Thls resuﬁ€ does not agree w1th elther of the_ previous
results. ;' : |

The total intérnal conversion coefficient for
~the 90 keV transition has been measured by Ment1 (Me 67)
to be 0. 034 Accordlng to hlm the 90 keV state decays

. more than 99% of the time via the M1 mode to the ground

state. Thusfassumlng a pure M1l transitionh the M1 strength

'« for this transition is 0.13 W.u.
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- Very little experimental work has ‘beeu reported
for 50V. However, Blasi et al‘(Bl 69A) studied the .
decay and level scheme of the low energy states and | H
their results are shown in the iusert to fig. 64.

They found that there was no direct feeding of the
levels at 226 and 320,keV using the (p,n) reactlon at
proton energies below 4 .5 MeV and that these levels are *9&“1
fed by cascading y—rays from the‘levels at 355 and
388 kev. | o

| Both Temmer and. -Heydenburg (Te 56) and Fagg et -
al (Fa 56) obtained by Coulomb Ex01tatlon measurements
a value for the reduced transition probablllty B(E2) 4
of 110 e’fm? for the 226 keV level which is éﬁplvalent
to an E2 partial'lifetime of 1(E2) = 10.6.ns. Blasi
et al. (Bl 69A) using a pulsed beam ggve an upper limit
of 3 ns to this level, wh1ch suggests a ‘trong magnetlc
dipo}e contribution. ; o e 4

_Experimental investigations on the low lying

energy levels of fov were performed us1ng the 1 mg/cm

/‘\64

enriched SQTi foil and two second targets: The

2

foil to study the 226 keV Y-ray transition and .the

181, 165Ho foil, comblnatlon to study the 94'@§v tran-
-ﬁ.sition. ‘Pulsed proton beams of 4 to 4.4 MeV were used
. : ' .50, i .. 50,

to excite the states in V via the Ti(p,n)

reaction_wpich has a Q value of -2.997 MeV. Typical

‘

TS
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results are shown in fig. 64. Within the error bars

94 kev W%kev

runs. Since the 26 keV level is fed entirely'by the

\Lft was observed for the

sitions in 41% experimental

94 keV y-ray cascade from the 320 keV level the life-
time of the 226 keV level must be eport.' The present
result is T <16 ps which is the calculated error in the
difference of” the weighted means of-the centroid shifts
for the 94 and 226 kev transitions. |

The 320 keV level is also fed entirely from y ray
cascades from the 355 keV level and hence only ant upper

limit of <450 ps for llfetlme of the 320 kev level could

be calculated.

W

The Weisskopf estimate of the Ml partial 1:

‘time for the 226 keV transition is t,M1) = 2.7 ps and

hence our result of <16, p= indiccates a s Qg magnetic

~dipole contrlbutlon to thnis tranSJ_tlon.=L g€ Weisskopf

‘estimates of the M1l partial lifetimes for the 94 keV -

transition from the 320 keV level and the 35 keV tran—

. sition from the 355 keV level are T (Ml) = 38 ps and
'T (Ml) = 74I3ps, respectlvely. Our upper limit of
'<450 ps for the llgetlme of the 320 kev level suggests

ﬁ that the apparent llfetlme is mostly due to the feedlng

of ghe 320 kev: level by the 35 keV y ray transition

from the 355 keV state. - v o s
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~agreement with the previous results.
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7.2¢ 2Ly

——

51V has received extensiVe.expgrimental and

theoretical study du? to its closed shell of 28 v

- neutrons. The level scheme shown. in fig. 65 is from

fhe work of Goodman and Donahue (Go 72) énd Horoshko
et—al<(Ho 70). Also shown are the iifetimes obtained
by Goodman and Donahue using the Doppler Shift Attenua-
tioﬁ technique. Only one measufemeﬁt has bgeﬁ reéorted‘/
for the second excited state at 928 kev, thét by *Singh

et al {Si 70)., who obtained a lifetime of 101%36 ps

using the delayed‘céincidence technique and fecording

the delays between the B~ rays from?fhé 5-8 min 51Ti e
feeding levels in 51V and the‘follﬁwinq Y-rays. They

also obtained a lifetime of i74i43'ps for the first
excited state a£'320 keV. 1y othcr measurements on

the lifetime of the fifst excited state have been

reported and the results are shownnfn the insert to

- fig. 65. The weighted average of these results is

 290%20 ps.

For our expefiments a gloop 51V_targét'was

1 ‘ .
prepared and the 64y foil was used as the second

target. One set of results is shown in fig. 66. A g\\;\\\‘

: £
weighted mean of three experimental runs yielded a

~

lifetime for the 320 keV level of 266%9 ps which is in
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(Go 72)

2699 >0 lps |
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172*
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Fig. 65.

Sl

v

4]

(Ho 70) (Go 72)

§

2670 09 *02ps”, .
2546 Py

2402 <0-084ps

1813 0:70't O14ps

169 063 % 012ps.

928

'0-274 £ 0-043n5{Si70)
~ 0-280*0-050ns(Sh69)

0-25010-060ns (We 62)
0-360+0-080ns(Sa 6 1)

—320 0:400 £0-080ns(Na 61) )

0-270 £ 0-050ns (Fy ' 61).
0-310 *0-080ns (De 59)

ot

Experimental level scheme and previo s
lifetime results for 5.lV.v‘ 3
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HoroshkO'et .al (Ho 70) have calculated the ’a o
welghted mean of the reduced tran51tlon probablllty %;gf"
.'B(E2)+ from several Coulomb Exc1tatlon measurements B
and obtain, a Value of 154, O+7 6. e2fm for the '320. keV i
rran51tlon. Thus uslng thlS result and our llfetlme
reésult a value for the mixing' “Satio of [§]= 0. 45&0 02 ,'f.ﬁjn'
1$ﬂobta1ned,.yThe value is -in agreeTent with the two
experimental'determinations of -theimixing ratio}

. thter ‘et al (Ri 62) ob&alned 8 = ~0.52+0.Q7. Srom ; yi
vCoulomb Exc1tatlon measurements using 18 MeVv.. Néﬁlons,h
i”and Krause (Kr 63)robtained 5§ = -0. 43*0 03 froﬁ? \\\7;9
Resonance Fluorescence measurquhts.fn The experlmental
(E2 and M1 tran51tlons w1dths aré r Eé) % 4 lGXIO

~6 eV and hence our result’ c0rresponds

and F(Ml) = 2.04Xl0,
to strengths of 13 7 W u. and 3. OXlO 3-w u., respectlvely.
The 928 keVv level was not obserVed from proton

.lnelastlc scatterlng so thies i te was 1nvestlgated

'Qu51ng a pulsed deuteron bea- f:"ieﬁt on the 5OTJ. fo

2

Addltlonal"prompt; reference Y- ra?s'were-obtalned

TS

u51ng a second target “the 3 mg fol

- -’ﬂ

and the reaotlon'

"47T1(d,p)48T1. =An’ 1llustratlon of thé fbsults is; SHOWn
y & : k4 . X » .
_1n flg,‘\\ ’ No observable centr01@ Shlft was found for

«1 2

4‘

w§ﬁay decay and ah” upper llmlt of T < 14 ps ”5;;

5 #*

" the 928 ke

was calcg@ated for the llfetlme ThlS Yesult is in S
5 N

.marked dlsagreement w1th that-obtalned by Singh et al

(81 70) “who obtalned a Value of lOlr36 ps.

o

=

Py
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A

s

A
o and; the B(E2)+ value of lO7+9 e2fm
. “ ‘% G, ) .4 ‘
¥ .

e , Horoshko et -al (Ho: 70) have measured the reduced
_ !
tran51tlon probablllty using the Coulomb Exc1tatrpn

7

Method to be B(E2)¥ = 765 e2fm? for the 928 keV o~ g.s.

-f transition. They”also'obtained a mixing ratio of
Y § = 0.03+0.09 for this transition which indicates f'

-

7‘pure E2 transgtlon. Their measured branching ratxo

A

e
L ;as 86% - Thus the‘caléulated lifetime from these;meahij“
ﬁsunéments is 1 =,l3.2+l d ps Mthh agrees with ou;wuppen~
lrmit . ‘ ‘ ”
| )'V’V‘For the 3/2 928 keV to the 5/ . 320 kev levél
y ray‘tran51tlon Horoshko et al obtalned two@possuéle
m1x1ng’rai%os of 6 = -0. 33+8 ii and § = —8.8+4‘l which

'4\ "‘.
///aﬁe in qualltatl@e agreement with the results of

Robinson et al,JﬂQ 63) who obtalnedﬂthe values of & =

_'-o 18:0%02 an3¢ 32
'&: e - n”"‘ +4. l
\ngoshko et al strongly favdur the va&ue ofg? =‘—&8
oty
\whlch 1nd1ca&§s nearly ‘a. pure E2 tran51tlon. They also
, 2y o T o o
ufound agreement between thq$measured and calculated T

opwed

R}

4 calfulated by' hf}\

1fet1me‘

'Horoshko et ar the calculated value for - th;
ﬁ g

PN

(E2) Values only for ¢§ = -8 8+4 1 CéjUsung thlg value‘ ey
’ & R

. .%_ .,.‘
is- 1 = }2.7_ 0 ps,'agaln in agreement with our reshlts.5

)’ "2

’ $ - T P -,
ot 'jis; ‘obtained for the vanadium 1sotopes and a comparlson 3

O

i . o o // . ,"’.;""
‘w1th prev1ous results. Also 1ncluded in table 4 Are
. i .
N .

"the experlment transition w1dths and the tran51tlon

N . - . . J )

T e

;7'<2 From theoretlcal conslderatlons i'
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strengths in Weisskopf units for both maggetic and

electri

2.3 22

c decay modes.

Ni and 652n . S 7

7.

to see

reference y-rays.

These two isotopes were initially investigated
whether they could be used as_sources of 'prompt'

However, both isotopes yielded low

-

energy Y- ray—tran51tlon%»from states whose llfetlmes "ﬂljﬁ_tﬁ§
were meﬁairable by our technlque. The level schemes f§§ v ;J
5'9Ni and SAn from the work by Hutton et Q@ﬁRHu 73)". andw
Ezell and Scott (Ez 74), respectlvely, are showneln ot

: . - ©

. . \ ; . | \&._, o L o . (
fig. 68. e .}Va. e

7.3a

W

target

beam was . used to exc1te the states in

[

for the'

Le-One, of

clearly

\ o ray transgtlons..

. tal runs gave llfetlme results for the 340 and 465 kev

levels

S e T
59 . " : L ! ,. o, e .

-0 o Sy 3

éo targe®, was prepared ~and’ the second o .
64

A gloop )
‘ LA 4.4 Mev pulsed prot@d
59 64Cu

used #as the N1 f01l
Ni and

h

t”n) reactlon, the Q. walue bexng

Co(p, )Séggfﬁéactlon Rgsults
: e
the experlmghtal runs amzshown in.

—1.858MM¢0”*f' . :
obtalned in -. ' e
£ig, 69 which
show the centroid shlfts of the 34b'§hd 465 keV
The welghted mean of four eXperlmen— %
%%E;,. R
of 93+10 psvand 35+18 ps, respectlvely

A
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o ?,71

als

" the

is -4. 14 MeV 50 that no y ray tran51tlon in 6‘?’Zn are

a
is of much greater magnitude than generally found and

" thus this transition is expected to be mostly M1 jn

character.
o= y
7-3b . qulgn , i)

g The lifetime of&%&e first excited state at
54,keV-has been measured by August and Friichtenicht
(Au 60) to be 1.65%0.05 ps u51ng a B -y delayed
c01n01dence technique. ' 'Using a y- Y delayed c01nc1dence
technique LLrScholz and Bakhru (Li 68) obtained a life~

time for the 115 keV level of 663£101 ps. The level at

207 keV has been assigned an upper llmlt of 500~ps€Sy

“Tubbs (Tu 66) and hence this level was a candldate for

our technlque. g
The target used was a natural copper foil,

48 mg/cm ’ whlch has awpatural isotopic abundance of,
[ . .

e

30.9% 65Cu,: the rest éin§ 63 Cu. A 4 Mev pulsed )
grbton be % used xc1te the states of 5Zn v1a *
65 s :.,:r.‘ ﬂ» “ ‘}‘ .-
Cu(p,-~"3§§ reactlon Wthh has a Q' vélue of

P IR

v —2.l3.MeV" Thé' Q value of the 63Cu(p,n)63En reactlon

. observed The 'second target used-was either the
'6§Ni_181

Ta foil combination or the 181 165H fo -

» . ’?

.combinatibn ' Two exampwesoqgfﬁhe experuqqntal'fesults

are shown 1n figs. 70 and 71.

v
i nr}l_ ’
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A54 keV and a. second to Ehe ground state. %The welghted

'_207 keV level was then calculated as the welghted mean ‘

An unexpected centroid shift was observed for the
201 keV y-ray decay from the 9/2 1066 keV level to @
the 7/5- state at 865 keV. The two decays at 202 and
212 keV in 64Cu proyide very good 'prompt' Teferences
for the 201 keV tran51tlon. The lifetime Was found to
be 829+37. ps for the 1066 keV level. Ezell and Scott .
(Ez 74).have assumed a pure Ll decay for this tran51tlon
whfch has an experlmental trans;tion width of I =
7.94x10" 7 eV using our lifetime result. This corresponds

to an El strength' of 9 x10™° W.u. AsSuming a pure”ﬁif//

4

transition a strength of 10 W.u. is calcUlated Enhance—

L>?]
ments of thi magnltude are not found - so that-an, EL -

. * decay mode.is predomlnant for the -201- keV. y~ riy/tf’ne o

‘ hv1a a 153 keV tran51tlon to the fbrst exc1ted state at'.x.w

51tlon, R . P

The sb@te at 207 keV decays by two branches, one-

REN o -

u;mean of four experlmental runs ylelded llfetlmes of

l213+ll ps for the 153 kev transltlon and' 227+22 ps for

the 207 keV tr&651tlon. ,The adopted llfetlme for the

)

0

of these two results whlch g;ves_216+10 ps ‘Robert et, -~

7al (Ro 70A)have studled the low energy states of 65,

»

’ : ahd deduce the m1x1ng ratlo ‘of .the 153 kevftran51tlon

2. sy
to - be § =0, 24+0 06 . ,U31ng this result and thelr ' S

- b

1.

5;.branch1ng\ratlos for the 207 keV state, our llfetlme

\" Y

oy ' ' o ¢ L . . ‘ e
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- rays from hlgher energy levels ln Zn. Thus a

éw .

PRI ' . .
DT - . oS

Ny

result leads to experlmental tranSLtlon w1dths of

-y
P(M1) = 2. 19x19 “6 &V and T(E2) = (1.26%0. 65) x 1077 ev,

respectlvely, for the 153 keV y—;ay tran51tlon. Hence.

the M1 and”E2 strengths are 0. 03 W. u. and '120*62 W.u.,

I3

respectlvely. ) .

The result for the lifetime of the 115 keV level
o

wa's calculated to be 641+13 ps. The prevrous result
: 2

Yo
by‘Ll—Scholz and Bakhru (L1.67) of 6631l01 ps is in

'fagreement w1th the present result Assumlng a ‘pure

“ o ~
Ml decay mode for this tran51tlon a Ml strgngth of

0.03 W u. 1s obtalned

The above levels -are fed in part from cascadlng .

65, "
A

ihg“ of thé“hlgher\exc1tatlon egergy levels was per— oo

A;rMed; ~Two, second targets were. emprbye to prov1de

These«Were "

- I8

“‘the necessary prompt

the'47T1 f01l and fhe 49T1 f01l The lﬂfetlmes of the

47 49

‘ levels 1nv T1 and V are dlsShssed 1n sectlons 7 2b

P ™ -
: “ ohye -
to obtaln the reactlon 65Cu(p n) n; the reactlon/

63Cu(pp ) Cu also prov1deS' prompt' reference Yo rays.

A / b
at energles 669 962 and’ 1327 kev (Wo 70) An 1ilus—'“ g

utratlon ‘of the experlm%ntal results is shown in flg 7217;

'tfor ‘the case of, the coppen fbll .and thel47¥ﬂ i target

l

No obServableashlfts W%re fouﬁd’exceﬁt for the

- T

865 keV y ray transltlon from tbe 865 keV level. ThlSj

o . f . o - 2
. PR ! L . . , . )
- : ’ : A iae SN : -

2

‘and 7 2e“gre5pect1vely, ﬁsrng the natural copper féllqk’§<:
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level is fed by the 201 keV y-rays from the 1066 keV
level and it was found that ﬁhe sﬁift wés enti;ely
due to the féeding of the 865 keV level_by}Cascading
y-rays from the 1066 keV leved h

Table 5 shows the upper limits‘which have been .

65

'~ assigned to the higher energy levels in Zn plus the

other results obtained for the low énergy levels: of
59Ni and 65Zn.\:Previous results ére also givgn wheré
applicable and the tabl: also includes the experimen-
tal transition widths ain 1e¢ screngths in Weisskopf
units for both electric "nd miugnetic decay modes. ;

“
N .

d
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CHAPTER 8 o :
. ‘ ..

- .

. THEORETICAL INTERPRETATIONS - . .
The 1 £ % shell region has been considered with

particular interest einde, following the shell model
picture, nucleons are fillihg‘a fairly well.isolegeq
single partiCle‘leyel offquite large j and thusﬁsevegal
simple shell modelyetates arevallowed.-‘This argument
was based on the ;elatively la;ge energy gap between
the l:E%—end'the.neighbouriﬁé 2s-1d and~2;>% ;hells,

and by the presence of the doubly magicv40Ca and 48Ca

' cores which have been found to be partlcularly stable.

The properties of the nuclei in the 1f ‘shell
have beeg\studled by McCullen, Bayman and Zamlck (Mg 64)
[MBZ model] in terms of the spherical shel; model with
a suitable residuai interaction getween nucleons in a
pure (1f %)n configuratiob'oetside_the closed'shelis.
They assumed thatithe reeidual ihteracfion was a two-

7 ) . .
body interaction where the matrix elements are completely

determined by the interaction energy differences between

’_~statesvin Ca, Sc and Ti.

2 2 -
the eight states (1f %} , I =0,1,...7.. They presumned
LN .

-

that these energy differénces describe the observed
42, 42 50

-

- o
-

N\, .
Though many of the observed properties are accoun-
ted for by this model, there are serious discrepancies

whieh cannot be avoided without more realistic

180 . o
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- lent nuclei whlch are nualei hav1ng the same number of

between states are forbidden although they occur

181

assumptiéns. One test of the pure configuration
C ‘ »

assumption is a comparison of the spectra of cross-
conjugate‘pairs of nuclei, that is nuclei with 2 =20+a,

N = 20+b. M3 7 = 28-b and N. = 28-a. ‘From particle- -

hole theorems‘these cross-conjugate pairs, e.g. 47T1

'and 49V, should exhibit identical spectra. However,

experimental level schemes are not identical Equiva-

45 51,

partlcles}and holes 1 e, *ﬁCa, Ca and "7V, are also

predicted to have approximately the same level spectruﬁ

but experimentally this is not so.

. Probably the most serious weaknesses of the model

are its inabiiity to explain the ground state tripiets:

exhibited'by 45Ti, 47y and 49V and that M1l transitions

4

between experlmental levels. The 1nclus1on of-other

conflguratlons, 1nclud1ng the 1f 2, 2p 2 and 2p L con-

flguratlons, is expected .to.be important even in ‘low
' .
lying states of nuclel in thlS region. Electromagnetic

multipole matrlx elements,.part;cularly.the B(M1) Values,

~ could be ﬁftongly affected by such admixtures. However,

such configuration mixing has only been attempted with’
the Ca isotooes (Mi 61, Ra 65, En 66) -and the N = 28
isotones (Au 67 Li 70, Li 71). hips and McEliistrem
(Li 70, Li. 71) used a model which permlts protons out—

side the- closed 48Ca core to oécupy states of the
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\ 7n 7071 7 p-l
configurations (lf 7) , (Lf 5 1p 2) and (1f 5 ,
1f 2) using a modified effective interaction calcula-

’—
tion to obtain the elgenstates. ’

These calculations ylelded apprecxable improve-
ments ¢ver the pure configuration model. However,
although further admixtures of different configurations

may explain other discrepancies, extensive computation

.is requlred as well as a large number of parameters.

An 1ncrea51ng'amopnt of ev1dence indicates that_strong

collective .behaviour occurs in nuclei in the 1f % shell,

so to overcome ehe problems of, the sHell model, Malik

and Scholz (Ma 66, Sc 66,‘Scf676.tried an alternative.
approach to the theoretical description of these nuclei.
They usedvthe Strong Coupling Symmetrjc Rotator model (RPC)
including tﬁe#QOriolis coupling between rotational bands.

) .
Many of the difficulties encountered in thée shell

4

model are avoided in this treatment, namely the repro-
duction of the ground state triplets in 45 1: 47V and
49V the correct number of levels below 2. 5 MeV for |
nuclei in the upper half of the 1f 2 shell, and a better

pfediction of thebspectra,for cross—COnjugate nuclei.

\

" They found that the Coriolis coupling strongly’mixed
the different bands so that the ofiéinal band stfucture
and the\spacings of the single partlcle Nllsson levels

is destroyed. Also the level schemes of the even—eben

ad]acent nuclei of Titanium and Chromlum (NDS 73A) as 2

.
&
.
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\

shown in fig. 73  do not exhibit the characteristic
» ™~
rotational J(J+1) type spectra with spin values

. ot 2% 4% . oo However, band mixing tould déstroy

the rotational type spectra in these nuclei.

Recehtly evidence has been establiéhed that
many of the odd-even nuclei in the 1f % ghell have

several low lying positive parity states which were

———

considered as hole states by the excitation of a par-
ticle out of the 1d-2s shell. Blasi et al (Bl 70,

Bl 71) pointed out that 'the positive parity states
of 45Ti and 455c show the charécteristic J(J+1) éequence

of a rotational band built on a d%— hole state., Similar
d

47 49

rotational effects have been observed in V and \Y

(BL 71A, Bl 73). Fig. 74 shows the characteristic
J(J+1) sequence for these nuqlei where the‘energy.éf

the positiGé périty levels are plotted against J(J+1).
) - . N

Due to this strong evidence, the Symmetric \

)

Rotator model, as described in Appendix B, was used to _~

compare the level schemes and electromagnetic transitiog\
/ S
rates of the odd-even isotopes of Titanium and Vanadium.

A cdmputer program written by Dr. D.A. Hutcheon at
. . e
Oxford University was modified and corrected by myself

‘and Dr. Hutcheon to run on' the University of Alberta's
IBM 360 computer. The model has several parameters,
however, an attempt was made to devélop a'prescription'

to obtain the parameters of the model from experimental
. ? -

'
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data. Thus none of the parameters were allowed to
vary, except the deformation paramete}, §. Hence it
was felt that a meaningful test of the usefulness and
validity of the model for reprodﬁcihg the properties
of the nuclei in the 1f % region, cou%d be established.

Values of k = 0.066 ar}%ij‘; 5 0.32 were obtained ‘

from the 48Ca( He,dP Sc daﬁ@biﬂgs 70) by calculatlng

the unperturbed 51ngle~ ticl nergles Ezj given by
. Ko .
the centre—of—é¥3v1ty féj%Q}pn T
z E\\ \\? ~ Lot
E = S
L ‘Z Si
i

where Ei denote the excitation energy of a level belong-
ing to the 2j shell model states and S; are the corres-
ponding spectroscopic factors. ‘These values are

similar to those originally used by Nilsson (Ni 55) of

.

k = 0.05 and ¢ =, 0.35. The moment of %nert%a parameter
: — .

ﬁ2/24 for each nucleus studied was calculated frqp th%
average energies of the fﬂrst 2t state of the adjacent
even-even nucle;, assuming a rotatienal character to
these le&els. For each nuéﬁeus only one rotational
constant was used for a11 bands to eliminate further
parametrizatiop.

The compﬁter érogram allows particle and hole
excited states_of the Nilsson model by'permitting an

unpaired nucleon to occupy any orbit in the N = 3

oscillator shell, with the remaining pairs occupying



]

the lowest available orbitals. For the band mixing
calculations, all bands based on the ten available
single particle and hole sfates in ghe N = 3 shell
have been included. However, 6verlap between~bands
~ based on the particle excited states énd the holé
excitéd.states are not allowed. |

The predicted spectra for the odd-even isotopes
of Titanium aﬁd Vanadium are shown in figs. 75 to 89.
Also shown in each figure arelthe cofresponding experi-
mental level schemes, only negative parity states
being shown, and'the'theoretic;l.predictions of the
pure (1f %)n configuratién model, the MB? model (Mc 64),
" where calculations have been done. The predicted |
-spectra for 45‘Ti,‘47V, égv and,SlV, each with three
nucleons of thé odd speéies oﬁtside the closed shell,

" are in good agreement with the expérimental results.

’ . 51
However, 1n

ted too high and the 9/2° and 11/2  spin states are
predicted slightly low. 1In 45Ti, 47V and 49V, the
ground state triplets are very well reprgdhced by the

theory with the correct spin assignments. The pure

7

n . .
(1f5) configuration model is seen only to predict

¥ -
V the first excited 5/2 state is predic- .

a

187

a doub_et for these nuclei withvincorijpt spin assignmenté

45

for the ground states of Ti and 47V;

The Strong

Coupling model is also seen to reproduce the large
energy gap.betWeen ti.e ground state ‘triplets and the

other excited states. 7
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The Strong Coupling model produces only a fair

fit to the experimentalfieyd& heme of 47Ti, How-

ever, the anomalous 5/21 ground #tate spin is predic-
ted plus tne low lying 7/2° first excited state. The
9/2" second excited state as well as the 3/2  state
are predicted too low. An extra state, spin 1/27, is
also predicted at 558 keV which is not observed in the

<

experlmental level scheme.

For the ¢ase of 49T1, where there 4s little

. : /o '
experimental data, the ground state spin of 7/2 is

reproduced with the large energy gap to the first

exc1ted -state. )

The electromagnetic trans;tion rates predicted ’
oy the model are shomn in Tabl 6 and 7, for ohe
isotopes of Titanium and»Vanadium, respectively. It
is.seen that good agreement beéween theory_and ekperi—
ment is obtained in most,cases.

In conclusion, although only the deformationv
parameter, §, was allowed.to”vary,.ghe values used in
.'the theoretical calculations are in good agreement w1th
the values—EEIEulated from B(E2) measurements as llsted
by Wapstra (Wa 65) for even even nuclei in this region.
As shown by Dav1dson (Da 68), the B(E2) yalue for the |

.

' S . .
ground state to 2. flrst\e§c1ted state in even-even
o

nuclei, as predicted by the Rotational model, ié given
S LT o s, =

2F

194
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3 . . . .
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'f
. Table 6

‘. . ‘ 4 3 3 . v no
Comparison of experimental reduced transition probabilities

with the Strong Coupling model calculations for 45Ti, 47Ti

o -

3

and.49Ti.
Isotope . ‘ Mulfipole ' B(/\)a .
' _Ei(keV),Ig+Ef(keV),Ig , Experimentb Theory
- 37, 3/2° 0o, 772 E2 139:14° 129
40, 5/2° 0, 7/2° M1 0.052%0,003€ 0.124
- - a ‘ |
1354, 9/2 0, 7/2 M1 o.1osf8'8§2 0.0002
45 ' - . +280d
oy o » E2 - 322777 < 91
.,  1468,11/27 0, 7/2° E2 178+43€ 127
1521, 3/2° 37, 3727 M1 0.183%0.030°  0.103
160, 7/2° 0,.5/2 M1 0.0458:0.0001% 0.0281
\\\\\\ : %) E2 2392419 253
- o _ : h
1253, 9/2° 160, 7/2° M1 0.18370-922"  o.116
. o +56h
| B2 49738 A 258
1253,.9/2" 0, 5/2 E2 126+12% 88
47... - [N i
T 1445,11/27 160, 772 E2 14638 162
1445,11/2° 1253, 9/2 M1 0.3220.081 - .33
, 1550, 3/2° 0, 5/2” ML, (1.420.4)x10% 7 0.225
' +10.03 .
| E2 16.575"¢ 0.25
' 1550, 3727 160, 7/2° E2 39.8%11.4% . 0.92
"1381, 3/2” 0, 772" E2 >32 24
. 1585, 5/2° 0, 7/2° M1 >0.0013 0.0506
.43T; . : ' - i
ot - E2 - - >7.4 - 15
1762, 772 o0, 7/2” M1 . >0.00074 0.0157

[ —




a)

b)

c)

dLl

e)

£)

g).

h)
i)

» 3)

.
o

, Table 6 (cont'd) v

%

Units are u for B(M1) and e’tm® for B(k2).

. L, AR :
Assumed mixing ratlofd = 0 except as noted

Lifetimes from (L

(Je 68).

8 =

25

260

-0,159

*0.

\
\

7

from (Zu 72).

Lifetimes from: (Zu 72).

§ = 0.095%0.003 (see, text).

Weighted mean of B(E2) values (Te 56, Ri 62).

§ = 0.15%0.06 and lifetime from (We 72).

Lifetimes from (We 72).

& = -4.4

+1.2

-2.6

and lifetime from (We 72).

/

)
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? 70) and for 37 keV transitionxﬁ?=l7.8



Table 7
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Comparison of expe¥imental reduced*transition probabilities
~

with the Strong Coupling model calculations for 47V, 49V

"and 51V.
Isotope Multipole B(A)_a

‘ Ei(kev),Ig+Ef(keV),IE’ A Experiment? Theory
88, 5/2° 0, 3/27 M1 0.088:0.005 0.0366

47y 146, 7/2° 88, 5/2° Ml 0.371%0.040 0.204
1295,11/2° 146, 7/2° E2 2o4fégsc 242
90, 5/2° 0, 7/2° M1 0.230;0.913 0.6033

153, 3/2° 0, 7/2° E2 197#3 243

153, 3/2° 90, 5/2° M1 0.0035%£0.0001 0.181

49y, 1021,11/2° .o, 7/g: E2 1724599 189
1155, 9/2” 0, 7/;;- "Ml - 0.016%0.004° 0.0454

E2 106:28° 135

1155, 9/2° 90, 5/2°  E2 12617% 98"

320, 5/2° 0, 7/2° E2 - 154:7.69 82

| M1 o,qoéfgzgggjh 0.0147
928, 3/27 0, 7/2° E2 7659 41 -

928, 3/27 320, 5/27 4 Ml >o0.00d1t 0.5231

>y | E2 10799 44
1609,11/2" 0, 7/2° E2. -83+89 . ' 59

1813, 9/2 0, 7727 w1 2.9éf2§:323- 0.0312

. {; E2 28+59 48 .
320, 5/2" 24459 48

1813, 9/2°

E2




a)
b)
c)
d)
e)
£)
g)
h)
i)

j)

Table 7 (cont'd)

Units are u§ for B(M1) and'ezfm4 for B(E2). ~
Assumed mixing ratio 6§ = 0 except as noted. = -
Lifetime from (Bl 73).

Lifetiﬁe frém (Ta 74;.

<

5 = -0.78707% ana lifetime from (Ta 74).

Lifetimes from (Ta 74).

B(E2) from (Ho 70).

T=~0.51

5 = ~0.32%0:39 from (so 70). "
5 = -8.872-1 from (Ho 70).
L +0.76 o
§ = +3.75 from (Ho 70) and lifetime from (Go 6 72)

198
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B(E2) = =25 2 | IR
16 ..

. The.intrinsic quadrupole_ moment QO is given by the

relation

Q, = 32e Rg B(1+0.168)
V5T

and the deformation parameter f is related to §

§ =~ 0.958 . B - ' .

Using these formula, the average values of | §| obtained

from the two adjacent even-even isotopes are 0.35,
51

0.28 and 0.19 for 47V, 49V and “"V, respectively.
The corresponding values ﬁsed in the theoretical

\ ‘ : P
calculations were 0.342, 0.291 and 0.191, respectively.

These are in excellent agreement with the experimen-

tally calculated values.
The agreement is not as good forq&he Titanium
isotopes where the mean values obtained from the B(E2)

measurements are 0.30, 0.28 and 0.21 for 45Ti, 47Ti and

49Ti, respectively. The corresponding values .sed in
the theoreical calculations were 0.188, 0.236 and
0.08, respectively.

As shown in fig. 73 the even-even isotopes of

. Titanium and Chromium (NDS 73) exhibit spectra typically

associated with quadrupole vibrations of the core.
The Vibrational model predicts a one phonon excited

2* state with energy #fiw, and a degenerate two phonon



excited state with energy 2hw and spins ot 2+ and 4%
‘The level spectra in figq. 73 approx1mately show thls
type of spectra and thus it would seem that thevInter-
mediate Coupling Model, as described in Appendix A,
wouYld be useful in reproducing the properties of the odd-
even»isotopee of Titanium and Vanadium, .However, using
the expected single particle energy separations for the
-lfé— 1£4, 2p 3 - 1£ ] and 2p3 - lfz-orbltals a
poor fit to the experimental data was obtained. Only
fér uﬁreasonably large coupling parameters could the
experimental level schemes and spectroscopic factors be
feproduced with fair agreement. This'is consi;tent with
the use of the Strong Coupling medel where large coupl-
ing éarameters lead to permanént deformation of the core.
The Nickel isotppes have reéeiyed much theore-
tical attentiomr in recent years. Céoth Auerbach (Au 67A)
and Glaudemans et al (Gl 72) described those isotopes.
in terms of-strongiy admixed sphérieal shell model Eon—
flguratlons where .neutrons occupy the 2p %, lf 5 and
2p 7 orbits outs1de the 56N1 core. Glaudemans et aly.
also calculated the electromegnetic transition rates
using an effect;ye neutron charge of ey =‘(l.70t0:08)e

56Ni core exeitations. In both

and nedlecting any
calculations, the level scheme of 59Ni is well repro-

duced for the first three excited states, hoﬁever, for-
higher energy levels a poorer fit to experimentel data

was obfained.

200
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- o
Since the even-even adjacent Nickel isotopes

(NDS 73A) gxhibit spectra typical of the vibratiohai

model, it was of intergst to see whether thé Intermed-

iate Coupling Model could be applied to describe the

properties of 59Ni; Although‘there are several variable -

pafémetéfs within the model it was hoped that these

could be fixed from experimental data and then only the

coupling parameter, §, allowed to vary. } '
The one phonon core excitation energy, Hw =

1.393 MeV, was obtained from the average of the ener-

gies of the first 27 states of the adjacent even-even

’

Nickel isotopes (NDS "73A). The odd neutron has avail-

able to it the single particle orbitals 2p<%, 1f % and

2p %. The single-quasiparticle energiés of these shell

model levels, elfS -€2E>% = 0.48 MeV and EZES% - EZPZ

2.07 MeV, were obtainéd'using the spectroscopic infor-
. 3

N

mation from a (d,p) experiment (Ch 73). The energy
levels and transitién rates were then obtained using_
the computer program CORPAR (Ca 70) and the resulting
level scheme is sthn in figq. 81. Using up to a possi-
ble 3Aphonon core excitationé; Ehe best fit to the
experimental data was obtained for a coupling parameter
£ = 2.135. Also:shown in fig. 81 are the experimental
level scheme (Hu 73) and the two theoreticai level ‘
schemes obtained by Auerbach (Au 57A) and Glaudemans

A

et al (Gl 72) for comparison.
4
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The first three states are well reprodubeﬁiby

the Intermediate Coupling Model and although the fit -

is poorer for higher eﬁergy levels, odrresponding ex- .
perimental levels can be found fqr the predicted-a: »
levels. The number of levels oelow 2.0 MeV is also -
in agreement with experimental results; Although no
effective charge was ﬁsei for the odd neutron, the rj‘

electromagnetlc transition rates are in falrly good

/ -

<\sgreement w1th experimental results as shown in Table 8.

No shell model calculatlons exist for 65 .

However, 65Zn should ‘be qulter51mllar to 63 Ni, for. .

which extensive‘theoieticalvstudies ére\aveilable

(Au 67A, Gl 72} . Both nuclei have sevén neutrons
out31de the closed 1‘E§-shell and although the proton
.shell»is ciosed for 63Ni, to a first approx1matlon the
. ‘ )
»two extra protons in‘sSZn may beﬁassumEd not to con-
tribote to the_st:ﬁcture of the low:lying sté;es in'

6520 (we 70) . ' ~ o .

‘Weidinger et al (We 70) have done. Weak Coupllng
Mode1¥calculatlons on 65Zn considering 6-4Zn as the '
core with a 51ngle neutron coupled to the-core. e
Excited states of . the core were restgscted to a 51ngle .
phonon exc1tatlon and the core- partlcle interaction

Lwas’the Thankappan and True (Th 65) spin- spln, quadrupole—.'
-quadrupole'interaction.‘ Since. this model is similar to
the Intermediate Coupling Model, it seemed :oxthWhile
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to apply the Interﬁedisce'Coupiing Model to 652n.
The sio;%e—qussiparticle energies of tHe shell
model states Elp% - £y f'% = 0.130 MeV and Elp% - € fg-:
.0.450 MeV, were obtained from the (d,p) data of
u‘Ehrenstein and‘Schiffer-(EH 67); A value of fiw = 0.8
MeV was used for:the one phonon core e*citation’energy,

which is slightly smaller than the average value 'of the

64 66

energies of the first 2t states in Zn and Zn (NDS

734). A.bést fit to the experimental data was obtained
for a coupling psiameter £ = 1.8 and the predicted
level scheme is shown.in fig. 82. For comparison, the .
experimental level scheme,(Ez 74) and the predicted
level'schemes of 63Ni.from-the work of Auerbach (Au 67A)
and Glaudemans et al (Gl 72), are also shown in fig. 82.

. The first three ievels are correctly fép{o ced,
howeVer,/the 372" level at 207 keV is not predicted.-

r

The experimental spectroscopic factor for this state

¢ ) . _ ' g
*is small (El 67) and hence the 3/2  state produced by

the coupling of the ground state 1f % level to the
first 'excited state of the core may be the corresponding
theoretical level. The large energy separation between

the first set of states and the: second which is chdrac-

o

teristic.of the Intermediate Coupling Model is also well

e

" reproduced.
The predicted electromagnetic transition rates

-are shown in Table '8. It is seen that for the low
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Comparison of experimental reduced transition probabilities

Table 8

206

with the Intermediate Coupling model calculations for >INy
and 65Zn. -
;[4‘§otop;e T—Y'b;lv;;f—:'ipolé B(p)® )
Ei(kev),Ig+Ef(keV),Ig . Experimentb Theory
340, 5/2° 0, 3/2° M1 0.01540.0016° 0.0019
" E2 23i12¢, 16
465, 1727 0,.3/27 M1 ' 0.016%0.005 .44
| E2 (8=») 78422 72
878, 3/2° 0, 3/2’ ‘M1 0.13520.023%  0.091
59, | E2 20¢179 40
1189, 5/2° 0, 3/27 M1 - 0.065%0.041¢ ° 0.038
E2 122fﬁgge 62
‘1302, 172 0, 3/27. M1 0.101%0.0i0% 0.124
1339, 772~ 0, 372 E2 43412 89
1339, 7/2° 340, 5/2° M1  0.0005%0.00059 0.28
E2 447fiigq 0.76
:;,'1/2— 0, 5/27 E2 180751 P 27.9°
115, 3/2° 0, 5/2° M1 0.0584%0.0012 0.00611
207, 372 .0, 5/27 M1  0.0071%0.0003  0,0023
65, 207, 3/2° 54, 1/2” M1 0.05310.0(?2i 0.0004
E2 1864960 21
769, 5/2° 0, 5/2° M1 >0.0035] 0.02
. E2 >1.697 2.33
1264, 9/2° 0, 5/2° E2 >10 28

—
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- Table 8 (cpnt'd)

a) Units are u§ for B(M1) and ezfm4 for B(E2).
b) Assumed mixing ratio §= 0 except as noted.

c) § = 0.11+0.03 from (Hu 73).

Y

'd) § = -0.09%0.04 and lifetime from (Hu 73). .

e) 6

il

0.4340.90 and lifetime from (Hu 73).

f) Lifetime from (Hu 73).

6 and lifetime from (ﬁu 73) .

9) 6=-8.1 465

h)vLifet'ime from (Au 60) and aTzaK=6t'l from (Ro 70).

i) § = 0.24+0.06 from (Ro  70).

_j) & = 0.20£0.06 from (Ez 74).

-



-

lying energy levels, the tranSition rates are in poor

~r

.

agreement with the model predictions: Hd&ever, the

- mixing ratios for tﬁese transitions .are not known and
assuming the lowest mﬁltipoles for the ﬁecay of thesé
states may be incorrect. The use of an gffective Coe
charge parameter will alscgchange the predicted tran-
sition.rates. However, for the higher"anpergy y-ray
'trahsitions, betteg'agreement is obtained @ith experi-

mental reéults. Hence the Intermediate Coupling Model

208

canhot be completely ruled out in its épplication to 6‘riZn

since some of the propefties of this isotope are repro-

duced by the model. _ .



~ CHAPTER 9

CONCLUSIONS

This research has yieldéd a new method.of ;mprov—
ing the time'resolution‘of Ge (Li) detectors by a pulse
shape discriminati;n technique.- The techniqde gives a
significant improvement in the tiﬁe resolution without
sériouély affecting the counting efficiency of the
systém._ The results are considerably better than those
‘of previous séiection techniques. The improvement in
the time resolution leads to greater accuracy in the
detefminaﬁion of the centroidsﬂof.the tiﬁe distriﬁutions,
whicﬁ,is,theﬂmain limitation of the Centroid Shift tech-

-

hiqué‘for_measuring lifetimes in the teﬁs‘of‘picdsecond
regioﬁ.

A fur;hér refinement of the technique was thé
ﬂevelopment of the Triple Constant Fraction Discrimina-
_tdr which.provides a COnvenignt ﬁethéd of obtai%ingathe
imbfoved time fesélution. It also allows tHe experimen-
ter to‘reject certain events which are mi=€imed by the
elecffonics. ¢

One of the greatest_aavahtagéé of the‘present.‘
delayed coincidence technique.is the simultaneous | '
collection of data.for both proﬁptténd dglayed time
'distributiohs. Thus error§ are avoided that may occur

'

due  to €lectronic drifts and shifts between alternate’

<

. 209
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experimental runs to obtain the time'distributions’
separately. The use of two targets to obtain supple-
mentary 'prompt' reference y-rays in order to;define

the prompt time centroid cur&e, recognises the effect

of the walk of the centroids of the prompt time dis-
tribution with the-enerdy of the detected Y-ray. | W

"The use of the twovtarget rotating system to | '
obtain these'supplementary"prompt' reference Yy-rays
is another advantage,of the experimenta;'method. The
Target Discriminator, which allows the experimenter
to separate the information obtained from each target,
reduces errors in background subtractlonS'slnce the
peak to background ratio is not adversely affected by
the presence of the second target‘

The method of analy51s where the centr01d shifts
of the delayed time dlstrlbutlons are measured relative
to the prompt time centroid curve at the appropriate
energy eliminates those errors that would occur due to
tne'walk of theiprompt time centroid curve. "Analysis
by thlS method ensures the accuracy of the present
results and the validity of the technlque.

The present delayed coincidence technique compares
very favourably with other techniques to measure‘life—
times in_the picosecond region and in some caseS»distinct
advantages can be seen.w'Using'gas.taréets, the experi_

mental upper limit for lifetime measurements by the

i
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Doppler Shift Attenuatien technique can be extended

11 secs. However, the use of

into the region of 10~
gas targets is a distiﬁct disadvantage and uSuélly
high energy heavy ion beams are required to obtain
sufficientwxecoil velocities to observe a Doppler shift
in energy of the emitted y-ray. . The method is also
restyicted to higher y-ray energies so that measurable
Dopplerhshifts are obserVed.. In the analysis bf Doppler
shift experiments the funqgion.describing the enérgy
loss oﬁ the residuél recoiling nuclei is not accurately.
known and thus an important source of error occurs in
the results.

The'Reboil Distaﬁceﬁiechnique is again generally
restricted to reactionsvinduced by high energy héavy
‘ion beams since high recoil veioéitiés are required to

1l secs. Recantly,

meaéUre lifetimes pf the order 10
improvements in the technique have'made lifetim¢
méasurements using 4He beamslbossible (Br 73).
Another pfoblem with this technique is the fabrication
of thin targets to pérmit the residual nuclei to recoil
freely into vacuum. The moﬁnéing of these.ﬁargets‘to
ensure an optically flat surface requires very precise
engineering and measﬁring teéhniques.

The above problems are'nét“encounfered in the
‘present delayed coincidence tgchnique. :H§wever, there

are a few major,limitations to the technique. The

first is thé time resolution of Ge(Li) detectors which
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becomes increasingly worse with decreasing y-ray ehergy.
Thus lifetime measurements in thevregion of 50 ps or |
less becoﬁe more difficult for low energy y-sray tran-
sitions. Another probleh is‘the availability of suitable
'prompt; reference y-rays. Hehever, ohce these have been
established tor avgiven energy region the problem is
overcome to large'extent. Thevthird major %imitatidn

is the peak to background ratio. It was found that when
this ratio decreased below 1l:2 large uncertalntles were
introdyced in background subtractions. Hence only Y-
rays with reasonable‘ihtensities can be studied. This

problem also occurs in the other two techniques mentioned

above but to a lesser extent.
From the theoretical standpoint .. Strong Coupl-
ing Symmetric Rotator Model is séen to predict the level

schemes of the odd-even Titanium and Vanadinm :sotopes

very well, even though dnly the deformation paraneter .
was allowed to vary. This provided a meaningful test
of the model. The low lying ground state triplets in

45Ti '47V and 49V are all predicted and withbtﬁe correct

4

spin assignments. This was not possible with the pure

n . ' .
(l:f%) configuration .shell model. The observed large

energy gaps between these triplets and the next set of

St

negative parity states are also well reproduCed by the

model. The only isotepe where a relatively poor fit

was obtained is 47T1 although the predlcted B(E2)
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transition rate for the 160 keV +g.s. transition is

in very good agreemght with thevweighted mean of
experimental results. Other electrpmagnetic transi- .
tion rates predicﬁed by the model are in fairly good
agreement with experimental resqlts;'

Although little success was obtainea using the
Intermediate Coupling Model to predict the level schemes
of 'the Titanium and Vanadium isotopes, the model is
reésonably successful in }ts description of the pro-
perties of 59Ni and.65Zp. .However,~£he predicted
electromagnetic transitiqn rates for the low energy . (\‘—
transitions in ©°zn are in poor agreement with experi- |

mental results. - . : /

In conclusion,,thereqare two areas where further

experimental investigations would be interesting using

-

the present technigue to study the Titanium and Vanadium
isotoées. These are the two odd-odd isotopes of

48 50 50

Vanadium, V and V. In V the determination of

-

the lifgtimes of thef320,;355‘and’388 kéV level% would

be possible if‘a suitable det;cto?\could be obtained

for detecting the low‘energy y—rays at 35 and'33 kev

from the two }evéls at 355 and 388 keV, respectivély, (
In the present work, it,waé found'thagmélthéugh theére—’ |
tically better timing of low energy Y-rays shouldAbe

obtained with small volume planar Ge(Li) detectors as

Eomparedvto“coaxial Ge(Li),detectors,*exPefimentally
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this was not the case. The probleh here may be that

a£ these low energies the noise is comparable in
magnitude to the real event signals. The electrode
area to detector volume is gfeater in planar detectors
so noise contributions are larger in these>detectars‘as
compared to coaxial detectors.

For the case of 48V several investigations into
the lifetimes of the levels of thié'isotoﬁg have. been
.reported (Ba 63, Au 67B, Bo 7i,uHu 73A, Ha ?3).’ The
low energy level scheme shown in fig, 53 is from the
work of Huber et.al, (Hu 73a)with thé lifétime results
indicated with the ‘appropriate references. . The levels.
~at 309,521 and 520 kév are obvious can&idateé for mea-
'surements_by'the present technique. Unfortunately, the

48Ti(p,n)48V is -4-795 MeV and

. Q value for the reaction
it was found that using d.c. proton beamg, beam energies
greater than 6.0 MeV were reqyired‘to excite these
states.to,acéeptable strengths. bAlthough in-principle)
pulsed proton beams of this energy are obtainable from
the University of Alberta's van da Gfaaff, many attempts-
to obtain such beams were unsucqessful due to deterior-
ating ion sourée char&cteristics and accelerator‘cqn-
ditioning. Thus further investigations of this nucleﬁs

would be interesting using the pulsed beam (p,n) reac-

tion.. .

. .
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. Fig. 83. Experimental level schemes and previous
lifetime results for the states in 48y -
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APPENDIX A ' ' _

A THEORETICAL DESCRIPTION OF THE ONE AND TWO PARTICLE -

INTERMEDIATE COUPLING MODEL

7 . . -

The Intermedlate Coupling in the Unlgged Model

was first’ outllned by Bohr (Bo 52) and Bo l‘and Motteleon
(Bo 53). Later, it was elaborated by Cho‘dhyry and T.F.
OlDwyer (Ch 54, Ch 67) and Ford and’Lev1son (Fo 55).
The model is of considerable interest in the description
of the low energy nuclear propertiee of the odd;mass f
uclei whose ddobly eVen'neighboufing nuclei exhioit a
viprational speotrum. As described extenSively inA

(Bo 53), the limiting cases of this model correspond

elther to weak coupling (for nuclei near double closed_

shells) or strong coupllng (case of deformed nuclel)

1. One-Particle Theoretical Formulation

In thls model, the odd-mass nocleus_is'treated
as a'coupledfsystem‘compfisind of a doubly'even coie.
capable of performing collective duadrUpole'oSCilla—
tions of frequency w and an extra core nucleon whlch
has several single partlcle levels avallable to it.

The total Hamlltonlan of the system can be expressed

in the form

- 223
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where H, is the Hamiltonian for the core, Hp is the

article Hamil®onian, and Hi;t represents the inter-

ac rgy between the two systems.

The quadrupole oscillations of the nuclear -
surface of the core can be déscribed by ’

R(6¢) = R.[1 + & a  Y5(8,0)] 2

o 2 , .
.M

where a“ are the dynamical variables- of the collective
motion. Provided the deviations from a spherical shape
are small, the'collective,Hamiltonian can be expressed

in the form (Ch 54) | . -

e _ 1
Ho =3

o {B|au[ + Claulv} 3

I.
u
which is the Hami;tonian of a system of harmonic oscil-
lators with freqﬁency

. _/C .
W = E . . ) i : - .4

o

The parameters B and C ére, respectively; fhe.collective
mass and the nuclear deformability. Quantising thé
‘collective Hamiltonian by defining ﬁhe momentum conju-
gate to ﬁu and the commutation.relatibns forAauland.Hu'

[au,Hu}] = ihd

' n I =0
/r« 3G“ {au’uu'] ( u’ ut]
" the core Hamiltonian can be expressed in terms of creation

Q
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and annihilation operators (bz and'bu) for spin 2

phonons which are defined by the equations

1 o !
b = o [Bw @ 1Hu] b, = T

M (2BRw) ' (2BRw)*

[Bw a + iHT]
H ) H

. L :
and solving for az in terms of bu and bZ»yields

al = L:“ b+ (b1 | 5
. 2Bw ‘

The core Hamiltonian then becomes -

| o, 1 | |
Hc/x/E~(bubu +3) o - | 6
and has eigenvalues |

wher?_N‘can be interpreted as the number of phonons
associated with .a particular state.

For a given single particle orbital, the parfi—
" cle Hamiltonian Hp ié‘é constant, having as its‘eigen—
values the single barticlg energy levels.ej which are

regarded as adjustable parameters in the theory.
' “ o ,
The interaction Hamiltonian H; ¢ can be written

to first order in au

(M1 54)

L, Y5 (89) | 8

»?int = —k(r) I a

where (r,8,¢) are the coordinates of the particle. 1In
' calculating the matrix elements of 8 one needs the

values of‘the radial matrix element

k = <n'2'|k(x)|n2>
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which will depend in generai on the quantum numbers n
and £ describing the initial and final states of the
particle. However, the‘dependence of k on these quantum
numbersis not critical and so it is assuméd to be
constaﬁt{ It is convenient to write the Hamiltonian

in terms of phonon creation and annihilation operators,

)

=_|I —)H BT H
H, =T A o, eIl e 9

where the strength of the interaction is characterised

by the dimensionless coupling parameter

%

.__ ] | o ‘
£ = (m) k - 10

It is convenient to work in an angular momentum repre-

sentation. The-bééis states of the system are chosen
. | '
as the eigenfunct£ons of HC + Hp’ the non-interacting
system ‘ ‘yw“
|$NR;IM> = £ (JRM-mm|IM) | Mm>|Rr 11
. m . : '

where j is the angular momentum of the odd nucleon,
“coupled: to a core state characterised by N phonons
coupledOto ancore spin R, to give a s;éte'of total
angular momentum I and projection M. ﬁ @

s Theieigenfunctions of'the‘totai Hamilfonian

(1) will be linear combinations of these basis-states;

of the form
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IEI;IM> = .gR A(EI;jNRI)IjNR;IM> . 12
JN: .

The expansion coefficients A(EI;jNRI) and the corres-

ponding energy eigenvalues in eq. 12 can be fpund by

calcuIating:the matrix elements of HT, and diagoﬁa;ising
. the resulting matrix. In this representatibﬂ, both the

cdre Hamiltonian Hc and the particle Hamiltonian Hp have

L only diagonal matrix elements
. L o 5, |
<3NR,IM|HC+-Hp|3NR,1M> = (N+ 5)fw tey 13 %

where hw is the phononﬂenergy and Ej the single particle
energy for the particle in orbital j.
The matrix elements of the interaction Hamiltonian

are:

<3'N'R'G;IM|H, . [INR;IM> = -'jg-ﬁwg<j'|]Y2]|j> - o

/35T (-1)3 PRI w55 R y21) | o
{(-1)R" R arFI<nr| |bT | |N'R>
+/IRTFT <N'R'| |bT | |NR>) | 14

-where the techniques of Racah algebra, using the

Clebsch-Gordon and Racah coefficients, and the Wignér-
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, . ' ) .

. Eckart theorem have been utilised in the derivation

(Ro 57). ' ~—
The reduced matrix elements for the spherical

harmonic Y2 and the boson creation opérétor pf are

the only terms left to be explicitly‘defined. The

former is given by

| | i) i
/23| |, 15> = (1)) sepd2th) 12) L))" (53 %% 20)

i+ (-) Y . 15

* 3
Since the interaction.Hamiltonian must"be a |

scalar, using the definition of the séalar product of

two irreducible tensors (Ro-57)

= —k(¥H. 5*) = - M * yH
Hipe = (-6 = kT (%
= -k ¥ a Yg ' : o 16
uoM _ . i

where since R(6¢), eqg. 2, is>rea1 aI_= (=¥ a_u. Eq.16

u

is the form of the interaction Hamiltoniah so both §2

and &: are éhosen as irreducible tensors in this
céiculat%Pn. From the definition of a:, b: and (—)pb__u
are also irreducible tensors but EQE b__u alone. This
fact.isbvery imﬁbrtant when using the Wigner-Eckart
theorem which applies only to irreduc1ble‘tensqr opera-—

tors. The definition of the Wigner-Eckart theorem used

is that of Rose (Ro 57)

<M TS [aMs = (R |TrMty <3 [Tl o> .
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Using coefficients of fractional parentage,
detailed calculations of the method used in obtaining
the reduced matrix elements of bt can'be found in

(Ch 54) and (Fo 55). The resdit is:
<NRHb+HN_'R'> = /N [2~.N""l( ')2R|}2NR] ) : 17’

wndre [2N‘1(R')2R[}2NR]' is the coefficient of‘frac—
tlonal parentage, R' and R are the total angular ‘

- momenta of the (N-1) and N. phonon systgms, respec-
tlvely,.and 2 1§_the angular momentum of each phonon.
A list of the reduced matrix elements for N < 3vig

given in Table 9. . o ’ ' .

Electromagnetic Transitions
The transition probability for radiation of a
photon of multipole order*i and frequency w is,

S . 2L+1 k
T(oL) = — ST L@ o, 18

L[ (2L+1) 1)
where ¢ is the mode of the transition, either electric'
or magnetic, and B(gL) is the reduced transition'prOF"
bability.

B(ogL) = —J_+I .L. |<flMLMll>l 19

MiMe . .

|

3§
" S ® o’]
The values of the multipole operators, MLM’ usid
are those introduced by Bohr and Mottelson (Bo=5@),fb

NSNSy
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L

Reduced matrix- elements for the boson creation operators.

<qR||b*|]N'R';

N R N
1 2 0
2 0 1
2 2 1
2 4 1
3 2 2
3 0 2
3 2 2
3 3 2
3 4 2
3 ) 2
3 37 2
3 4 2

.




,

\

the system resulting from the coupling of a single
particle to the quadrupole oscillations of the core

surface. 1In this formulation only the electric
) 4

‘.quadrupole and magnetic dipole transitions will be

considered. These multipole operators are:

i) Electric quadrupole operator:

E = e . Ze, 2 L3, p2
M —r(e A2)r Y2(9¢) + I Ze RO & - 20

= ‘

L

where e is equal to e for protons and 0 for neutrons,

- r is the radial coordinate and Ry the nuclear faaiUS.
' : 4

. . £

The temm —Ze/A2 has been introduced (Bo

for the orbital motion of the core around the. centre *

of fiass of the whole nucleus which will give a matrix

elemeht'fdr electric transitions. However, this will

be replaced by Caff’ which is an effective charge para-

. [
meter.
2 ‘ ST

ii) Magnetic dipole operator:
My = /——3:-( s tg, % g R) 21
lu Mo Jam '9s u e TR 9r u _ -

where u, = efi/2Mc is the nu?iéar magnetbﬁ, g, and gS 
are the orbital and spin gyromagnetic rétios, }espe¢—
tively,'andxgR is tﬁe effective gyromagnetic ratio of
the core taken as equal to Z/A. Ru is the_Zonmponeht

of angular momentum of the core.

53) to account

'\
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The initial and final state wavefunctions, |i>

and |f> are given. by

|i> = |E;jIM> = T A(E;jNRI) |jNR;IM> .
3 . jNR . K .
and oo o v ,
|£> = |E';I'M'> = I A(E;§'N'R'I') [§'N'R'I'M'>. |
. "j'N'R' }

In the formulatlon the magrlx elements of r? are, assumed

.o

1ndependent of the quantum numbers and are glven by the

']constant density approx1matlon T

L
o

\
Do
o . 4 . -

e : ) o

L 3
<y > = ==
©r =g R
wﬁére the equilibrium nuclear radius:Ro is given by

1/3

R = 1.2a"/3 fm . o e s

By
C A

and"x2 as follows

‘3 2 : ‘ /
(e + e ) 5 Ry ., :
T o o

an j%g Ze R, R ) . '

then for the electric guadrupole operator.of the reduced v

transition probability; the calculations yield

B(E2) = (21'+1)| £, A(E,JNRI)A(E'j'N'R'I")
IoT! , eG4 -
w2 jINlRl ‘ o
. I'+5-R .  _..¢ e o
'{§NN'6RR'(-) ] Xq<3 H¥2[[j_>/2]+l,.W(:]’jI"I;2R)-'.-c
I~j+R'
+
X285 22,/2Rf_‘ W(R'RI'I;23) ()
. : 2
(<i'r'| b7 |NR> + ()R :g.g..“_l <NR||b’f||N R'>13|° 0

22
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The reduced transition probability for magnetic diéole

operator is:

B(M1) = 2 u2(21'+1)| I A(E;JNRDA(E';§'NRI') -

I+I' y J3'NR

_ R+I-j-1 — ' .
{gg (=) 83318y /RIRFITTZRFT) W(RRI'I;13)

4 -

+ g, (- FHIm3-T 'R~ 22,/(23+1)(23 )y \

I = W

VE(L+1) (22+1) W(3'FI'I;1R)W(L275'5;1%)

—LiT o '
2=%+I'-R aggng VIZ3FD (237FI) W(§'5I'I;1R)

M

+ gs.(-)

L1454, } 2 23
W(zgj],ll) .

2. The Two-Particle Theoretical Formulation
. ' - . U“‘

, _ , -
In this settion we consider a system of A R~

cleons compoeed of a collective core of (A-2) nucleons,

coupled to a 51ngle proton and neutron out51de the

~vibrating core. The total Hamlltonlan is

Hp = H, + Hy + Hy o+ Hy o (P)+H, . (n) + vpn

24

The notation is same as in section 1 but the extra
term Vpn is the re31dual 1nteractlon between the two .
extra partlcles. Agaln it is convenient to work in

‘the angular momentum repreSentatigh and choose as -the

<+
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bagis states, the éigenfunctions,of the core-plus-

[y

particles Hamiltonian,"HC + Hp + Hn’ and represent

these eigenfunctions by 'jp j, Ji NR;IM> where

ljpjnJ;ANR;IM> = g(JRMrppllM)]jpjnJM—p>|NRp>
and

ljpjnJ M—p>= 2 (jpjnm M—'p—mlJ M—p) I'jpm>,jn M—p-m> .
- . m ) :

The eigenfunctions of the total Hamiltonian will be a
linear combination of the basis states and are repre-

sented as

!E;IM> = 'E_vA(E;jpjnJNRI)ljpjn J;NR;IM> . 25 =0

Jpjn . )
JN.R :

In this fepresentation both the core and particle

5 .

Hamiltonians have only diagonal matrix elements.

(jpjnJ;NR;IMIHc+H

soos T oND . _ !5 p n
p+§n|JpJnJ,I‘{R,IM>— (N+fo + e + el

o R 26 -
=
where ef and e? are the single particle energies for a
particle in the orbital j.

* The matrix elements of the interaction Hamil-

. tonian Hint(p) are

) ‘\!'.A .o
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- _[T I nT T e _JR'-R
<H; . (p)> = jg-ﬁw£{<NR||b | IN'R'> + (=)
—

R AL anrt | b7 |NRo <51 [ ¥ |55 :
2R +1 p p. -

[(2j£,+1)(2J'+1)(2J+1)(2R+1)]11 W(JJ'RR';2I)

/

I-R'~j_+3

8. (=) P 27

g .I. .
W(II' 3535523 81148y 3p3n

A similar result holds for Hint(n) except that the.
subscripts p are replaced by n and the whale result
is multiplied by the phase factor ‘ - -
' . . .t ] ‘
+3 ~J+35 _+3'-g°
_(-)JP JP JP In™J .

This extra phase factor comes from the relation

L 3p*in=d .
(JpJnmpmnlJM) = (=) : -(JnjpmnmplqM) .

+

The residual interaction Hamiltonian Vpn_is assumed to
be a sum of the scalar products of two tensors, one of
which acts on the proton coordinates and the other act-

ing on the neutron coordinates (Sh 63)

. ‘ S~k ~k
ie. V= ) (T%(p). T"(n))
- PR x=p |

i
N

= I .1 e thm . : 28

‘Using this relationship the matrix elements of the

residual interaction are
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= . ! o1

i3 3 k , j +i, =T
pIpininikd) <ig | {2 <P>HJ ><p 1T M) [ [3,> (=) 7P 8

29

m

Howeveﬁ this term can be assumed to.be small and can be
I

negiected in most calculations.

Electromagnetid Transitions

As with the single p;rticle case the following

constants are defined: ' '

2 3 .2 ’

r> =g Ry .

* ‘ N
_ i 3 .2 _

X;] = ey * egee) 5 R, 1 =Ppn

and
3 w

A X2 T a7 e R .

: L
The electric quadrupole operator for the two particle

) \ »
system then becomes ' ‘

E _.P n 2¢c. o |
M3,= xl Y, (0 ¢p) +t.X] Y, (8 ¢ )+ X, i @, 30

and the magnetic dipole §pefator

S
- : : ¥ i [
: -y - PP B Pyp ‘ '
MTU M (g CH g Sy + gzlu + gRR ). 31 » !
The reduced transition probabilities can then be cal-

culated to give the two horrendous formulae
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-
.

B(E2) = (2I'+1)| I - A(E;j j LINRI)A(E';3 5 J'N'R'I")
I-1" , JNRJ_j ; pTn
: v : p-n | : :
[} 1 tSt30
J'N'R ]pjn X

o . | "
deNN'GRR'Gjnj;<Jp||Y2”J~>W(JPJPJ 3;23 )W(I'IT'J;2R)

' 3 -j_+J-J'+R-I'
[(23 "+1) (2J+1) (23'+1)]1 (- )

n .t , e “
+ xldNN'dRR!djpjé<3nllelIJn>W(J;JnJ'J;2Jp)w(x'IJ'J;2R)

Zjnfj;-jp+R—I'

[(2j;+l(2J+l)(2J'+l)]% (=)

L b8l a6l a8 (-) TR RTIITH(R IR 11520

ipdp Indn
+ R'-R [2R¥1 + 2
[<N'Rj|[b | INR> + ()" 7 [57g7 <NR||Db ||N'R'>]} 32
and ' ’
B(Ml) = fi (2I'+l) A(E;j jnJNRI)A(E';J'j J'NRI')
I+1° JNR] i pn- P
. pin
J! Jpjn
: . _ R+I-J-1
{gR/g(R+1)(2R+1)_W4RRI I;13) (=) 8585 j'éjnjﬁ

P P
P /1/"'. N '.., . ' vT.
+ gg WGzzJpJp.lﬂp)W(Jpij Jilj JW(I'IJd J,lR)

. 3 SI-T'+R-I' g
[5(2jp+1)(2jp+l)(2J+l)(2J'+l)]2(—) , p

122 L 1 Te 3 ] " T.
dgp&ééjnj;-+g W 3 P12)W (33T Ji1j )W(I'13'J;1R)
\ - O o .
' S, 3led 43 -2 '4R-I'-p -k
[2(23 +1) (23 +1)(2J+1)(2J'+1)]5(-) ™I lpT ST TR ThpT

§ . 8. .1 +gPw(e g ;1) W J'3;13 MW(I'IJ'J;1R
A jp]; g Wity pJpJp YW (3 Jp Jn ) ( )

l |
(8, (R3+1) (22 +1) (23 +1) (25 +1) (2T+41) (23 '+1) 1%
P P P =

2
| 33

J'+J-R+I'-% -3 _+] —jn—%} PR ..

(=) .PPP



APPENDIX B

THE STRONG—COUPLING SYMMETRIC ROTATOR MODEL

Some nuclei show an energy spectrum characteris-
tic of a rotator and appear to have a non-soherical
eqnilibrium'snape. ~Such nuolei"have been described
.successfully by the Unified Model, which exhibits boths
collective and individual particle aspeots of nuclear
structure. The basis of the model‘is the strong—
coupling model of Bohr and’Mottelson‘(Bo 53) where, in
odd-A nuclel, the unpalred nucleon moves in a fleld
generated by thevdeformed core. The total Hamlltonlan

‘consists of the rotational energy of the core and the

single particie Hamiltonian Hp and is éiven by

H = H + H 1
rot P
where- -
. 3 5 —
rot =l 25 K
Rl, R, and Ry and 31, Qz.and 93 are" respectively, the
components of the rotational angular momentum . R , and

\
-

' the components of the moments of 1nert1a 9 in the body

flxed coordlnate system. 'In general R is not equal to

the total angular momentum I of the system but is given

by

238
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where J is the 1ntr1ns1c angular momentum of the extra
core nncleon. The ‘total angular momentum Wlll be a
constant of motion, however, E and J will not be
because of the deformatlon. The projection of I upon
the laboratory z axis is M; its projection on the body—
flxed 3 axis is taken as K whereas the progectlon of j.
on this axis'is denoted.by Q. |

If the system posseSSes an axis of symmetry -
which is taken as the 3 axis, then K and Q will also
be good quantnm numbers. - For an axial symmetric defst

formation we take
91 =u$2 =,é . v . ‘ .

~and then the total Hamiltonian may be expressed-in terms

of the total angular momentum

R L2 )
R . 2 _ i .2 - ‘
H—,E(I 2IJ+\ﬁ7)+Hp | - 4
or .
. _ % 2, .2 _ ., _* T 4
H = E (r + g 213j3) 7§ (I+]_+ I_J+) + Hp ‘

b

where the quantities Ii and jt are the operators It iI2

and jl+-ij2,'respectively. InAthe last two equations
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use has been made of the fact that since a quantal

~ : O
system cannot rotate about an axis of symmetry because
it is impossible to define an azimuthal angle for the

system, the angular momentum R3 of the rotator about

x*

its axis of symmetry is zero and hence also K =.Q-

(Ro 70B). - - ' ' S

The second term in eq. 5 is the Rotation-
ParticlerCouplinglterm or the Coriolis interaction.
In its absence the particle would be unaware of ﬁhe
_rotational‘m ion of the axes and so the effect of
such an ihteraction is to decouple the particle from

the core. 1In general this term possesses only off-

diagonal matrix elements except for the case K =sj= %

for which the diagonal matrix elements are nornvanishing. .

' . ., . .
This follows from the fact that since the nucleus is

assumed to possess axial symmetry the .levels are dege-

neraté in the sign of K and Q. |
The’eigenfunctions of‘the,operator (ﬁ2/23)‘I%

are the norﬁalised ?—funétions D(aBy) which are the

transformation functions for the spherical harmonics

under finite rotations. These satisfy the following

relations
f 2 I _ ‘ I S )
I° Dyy = T(I+1). Dy, : : (
Iy I - '
Iz DMK;'_MDMK 6
I. pX = x bl 3
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We define the normallsed intrinsic wave functlon as
an (3|Qa>) where a is an additional index to dis-
tinguish between stateg of the same projection gquantum
number . Because the potential is not spherically
symmetric, the average force on‘the pérticle is not
central and the operator j2 in eq.'S is not a cons-
tant of motion and can be absorbed in the particle

Hamiltonian. Thus it is simpler to deal with states

of a constant angular momentum as a basis

There is an alternative representation for X0q in which -

the constants of motion are the orbital angular momen-
- .
tum &, its component A on the 3-axis, and I, the com- -

ponent. of spin on the 3 axis s

Xoo = X Agnaa Xgng = (Xgpg®IN&AR?) . \\.8 ’

LA
The coefficients cha are connected to the coefficients
a,1qq PY the angular momentum addition relations

-

Cde = EA (Q%AZI?Q)agAQa . 9 ¢

In the absenée of the Coriolis coupling the total

'wavefunctlon ¢ is-a properly symmetrized- pr%@uct of tgwk‘

D-function and single particle wavefunctlon XQq
21+1 I N | ,
l6ﬂ2) [ MK XQa (=) DM—K nx X—Qa] 10,

¢ = (
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5
where Hx = (—)2 is the parity of x (Pr 62). ¢ is not
an adequate wavefunction when the Coriolis interaction
is included in the model Hamiltonian. This couples
~states_Whichldiffer by one unit in K and hénce K is no
“onger a goqd.quantum number. One may use ¢ ‘as a suit-//

able basis and expand the total wave function

L 2141 yI-% T
‘P’(I,M.\.)) = (I;r_f) Izéa ‘A, (aK;I) [DMme + (=) Dy-kTxX =0 ]
11

-

where U is an additional index to define the state.

core. It should be expected that the
4

the potg;tlal should go over in a continuous “

R 3

fashion to the shell-m6del potential when the deforma-
tion goes to zero and that the.ﬁell known magic number5‘

at nucleon number_Z,‘B, 20, 50, 82, 126 aredreproduced,

This last condition is an important restriction on the

- form of the‘potentig}{—\{gkour case the Nilsson (Ni 55)
model Hamiltonian was used to describe the single pat—

ticle motion

H =H +Cl.s+ D 22

—p

L 1 2.2, 2.2 . 2
=-S5 + 5 M(wlxl + wzxz + w3 3)+Cl-s +D1 }2

Cl-s is the usual spin orbit term and the D’Z2 term

gives a correction to the oscillator potential
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especially at large distances. C and D ere parametere
adjusted to reproéhce the shell model sLates when the
deformation vanishes. J

Ax1al symmetry is assured by taking ml.— wo = w,

which with wy is parameterized by |

*

€
1]

2 2
wo(l+§'6)'
13

!

wg(l - % §)

whefe 6.gives thebdegree of deformation; the oscillator
potential becoming spherically symmetrie When'6'= 0.
Requlrlng the volume enclosed by any given spher01dal
equlpotentlal surface to remain constant under changes

of ) leads to

and

= const
where Ri are the semi axes of theisﬁrface.:_Hence'

222 _ :
wl@2w3 = eonst

and v L 4
_ o _ 4 2 16 .3 v
wo(é) = wol(l 3 8 5 §7) 14

L]

where &o is the value of wo(6) forqd = 0 and is felated

- approximately to the nuclear mass by ﬁ&o = A1A1/3'MeVﬂ



Introducing new coordinates a
Mwo .
i =/ ¥ i=1,2,3

the Hamiltonian becomes ‘ R

H =H +H_+Cl+s #D 12 15
- p ‘o 8

where HO is a'spherically symmetric udrmonic oscillator

Hamiltonian
. l A 2 o F} . ,_-"
Hy = ﬁwo-f( A+ p7) ‘ ‘ 16
and o : ,
. _ 4 [n 2 Lo .
H(S -j/;.ﬁ%‘p Yz(eq))” e 17

The representation chosen by Nilsson was with
o2
’

HO diagonal, together with & 23 and ss, which all

1commute with'H’. The’ correspondlng quantum numbers
are denoted by g, A and 3. The base vectors used are
[NzAz> where N represents the total number of osc1llator

quanta. - One has ' ¢

1

. ’ 3 , X ;
H [Nepz> = {N + ) fw  |NeAT> . 18

Nilsson further parameterised the total Hamiltonian eq.»

15:
_ _ Q
. .
Hp f HO'+'KﬁwOR : 19
. where
.VK=—£C
Z‘ﬁ&

244
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_and
N . .2 ’ .
: R=nU=-21-8-y.1 . ‘ 20
with R .. -
g : i %3 )
- _ 2D _ 6 “6‘\
. HET emd =g
U is obtained from - o ’ -
. 7 S 4 1 .2 o, .\ _ ° ‘ :
HG = —éﬁwo T /; o Y2(6¢)- KﬁwonU - 21

The diagonalisation of the dimenSionless matrix R is

then carried dut in the chosen representation. R is

Is o

treated as a function of n and is, diagonalised'for a
sequence of n-values giving elgenvalues r (n) where

2 is the. elgenvalue of 33 = 23 53 = A + Z. The

correspondlng energy eigenvalues ‘of. the total Nllsson

-

Hamlltonlan are thus «
L NQ - y
Y =

P ENllsson (N-tid fw_(6) + Kﬁw r . 22

N L - o -
P L N , - .
The eigenvectors are then an expansion 1in-terms of the

basis vectors

3 . 3

[2a> = L e INEAT> L 23

1

XQa
ﬂissociated>with each level\éte'a muéh usedwset of num-
bers, the asymptotlc quantum numbers [Nn3A]Q and the
parlty where n, is the number of oscillator quanta’
along the 3 ax1s. Although n3 is not Q constant: of

Y

motion ;t_becomes very pearly SO for-lzfge deformations.
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;ncorporating these eigenvalues with those of

the rotational Hamiltonian, the diagonal terms of the

total Hamiltonian H, eq. 5, are: !

2
_h r 2 Vo
_ <IMKﬂH|IMKa>_ 28 fI(I+%) }gx +-§|ej9a| j (3+1)
‘ TN & |
. " GK/%(‘) (I+:)al + Eyiigson 24

and the ofgndiagonal terms are

oL 2 | |
L] — h - ( g |
<1MK'alHIIMK“k"§§'§ CjQ'a-Conc{[‘5—1<',1<—1+(')‘I Toxr - (k-1)] ;

[ (I+K) (I-K+1)(3+K) (-K+1) 1% + L o
) - | ' - e
Sgr a1l (T-K) (T+K+D) (3-K) (J+R+1) 2=y, (3 (3+1) } ) R

.(}4 25

where use has -been made of the following matrix relations

X ' . . .

<IMK|I, |IMK#1> = [(IFK)'(ItK+1)]?%
- a0

1

<jQ|j;]J.'1> : [(j;Q)(ij+1}]@- .

. The‘laét term in the 5§agoﬁal matrix ,elements ariseg’ . .« 7

frpm the Corlolls tuupllng term for K = %. ‘ThiS«%erveér

to define the. "decoupllng parameter a <«
. ) >4 \ 0‘ ) ;,‘{(“I v
PR TV 2 S
- ) (_)J+2 (]+1/2)r|C.1 | ] L 6
) g i . . . J2Q _ e -
[ ‘ \ ’

The decoupliﬁg parameter can have avvery stroﬁg in—"

- fluence on the appearance of a K =_% rotatlonal band. ¢

If it is small the band will dlspiay the usual I(I+l)
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spacing; however, for larger values the band will have

an anomalous behaviour.

Electromagnetic Transitions

Brockmeier et al (ﬁf,65) and Nilsson (Ni 55) have
discussed electromagnetic trqnsition probabilities with
and without the band mixing Coriolis coupling-termKD'

respectively. The formallsm of Brockmeier:.is now pre—

sented for the reduced tran51tlon probabllltles of (o, L)

radiation between the bahd mixec states (v I) and (v'I"),

Ny

. where v is ,an addltlonal index to laPel the.state

e}

.

e R »

. B oLmI-m I')-C(GL) l“(‘t L (@K 0 T | [aK; uI)l 27
R “?K
. "v"“'";"“ ‘ Q Kl
v "Q B ,/“" -

':ﬂghefe C(oL) is a constant and

I

Fop (@'K';0' 1" | IOL.K;UI)'EJAu(aK;I)AU, (a'K';I')G (a'K';aK)

I'+K

,.‘ .

-
[(IL,K K'-—KII K‘ +(2 /
|

: 28
[N J“‘ » L

A, (aK;I) are the cbeﬁ%icients of expansion of the bend

- mixed states in terms of the basis sfates eq. 11.

+ _ ’
i) Magnetic dipole transitions:
'.T ‘ o -

In this case the constent C(oLl is:

C(Ml) 3_@. o

]

(IL,K - '—K]I'-:K')bOL(OL'K'}aK)]

C
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and G and b . ére calculated to be

<

oL~ oL R
IS s
K. = - /
Gy (@ "K' 7aK) = Syp Gaa'gRK'*EA agnaalanna (Fst T 9, M1
K-K' -
+ 8 L, —— I .
K -K[,1 T g Granetearatar
o
A‘ )_‘ [6/\1\' (gS—'gR) + (SZZI (gg—gR) /W"A<) (/Q+A>)] 29
, () LN, v
b (o' )G, (u'3s;a%). = ——— L 1 a
Ml Ml o VZ A QAEQ iAyﬁ“' -
. C ;,{
o WsmIR) (6A06A 1% Aﬂ$§¥? 9R"£(2+1]'
%
\| 30 \\
As before K = § and K! =‘Qf. ' ]
ii) Electric quadrupole,traQ§ition§: - ) (
In the case the‘constanﬁ C(oL) ;s ‘ [
y 2 ' - [5 ' . b
C(E2) = B (e +~eeff) rEd L © o
: . ‘ $ :
“where : : . ' o
: . . ‘w 9

N

The calculated relations for G and’b'oL are

e _ W coll - -
Gy (@ K_,aK)x— GE a'&- ah)-+G ’g K)6 o 31 .
. . ‘J’ . . . \"M_,,'., . . R 7
I B ¢ a “1h- . ; | :
where G, .4, ) = 2L2rQ Qﬂ\ Q, is e intrinsic quadru- ey

pole moment given by . e
: “ o ; o

_ D o
905#19.8)2 R, S(1 + 0.5 6) ~ 32

3
H [
/
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1/3

where RO = 1.2 A fm, § is the deformation parameter

and z is the atomic number. : 0

SP, v, = ‘ - 2 28+1
Gy (a'K'; oK) EZA Sprarnrara denge M2 /07 /NR) [FovET
glAl

(L2AA'=A]2"A") (2200[2'0) 33

~

and

1

K'+54N' ¢ 6

TR SP ' a 1 a
bro ("K' K)Gp, (&'K'j0K) = (-) LBy JITETRARNe A
r QYA
(NE'/ozynl) 22 Ii (22A-A'-A]2'=A") (£200]%'0)

34
o : 4 '
~where p = r/B and a %upplementary condition that bEZ

v

may be non-zero only if one of the fol;owing'ébnditions

gt

Q

. * Ce
. is gulfilled: . o .
‘ . ; 7{“ o ."- e
1 3 . I e
1) K=3, K' = > or vice versd:# .. v
' v
R
& ¥ » -
2) <K = K' = = and o #Foal . T g st
2 Ut el P
. .
&
' 9
T
oo -
¢ ’

|



