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CHAPTER 1

- INTRODUCTION

1.1 General

There is a region in the centre of the s-d shell
(A = 16 to 46) around A = 19 to 31, in which the energy
levels of most nuclei show definite colléctive properties.

24“13 one of

It has been shown (Ollerhead, 1968) that 12Mg
these nuclei and possesses definite rotational and Vihnat-
ional collective effects in its energy levels.

Due to the fact that lZMg24 is well clear of any
shell closures, it might be expected that its properties
&111 not be explained by simﬁle'shell model théory. In_
particular, the reduced gamﬁa radiation widths of its levels
are expected to be well below single pafticle estimates
except, possibly, in the case of an electric quadrupole
transition in a rotational band where ;onsiderable enhance-
ment may occur. |

Much work has been done in studying the properties
of legZA, a summary of which can be ﬁound in Endt and Van
der Leun, 1967. A large amount of this work has been carried
out using the proton capture reaction on 11Na23, and the

main contributors to this work, as far as energies, branching

ratios and;transition widths of legzé are concerned are

1.
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Ep(Kev) Ex(Mev) I'(Kev)

250.9

308.9

374.3
512.1
1 591.6
592.0
676.7
738.9
743.8
872.4
987.0
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1020.4
1163.3
1173.8
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1283.6
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Anderson (1961), Glaudemans and Endt (1962), Prosser (1962),
Nordhagen (1964), and Mouradl(l967).

Excludingkthe work contained in this thesis, an
energy level scheme of the work completed at present on
llﬁa23(p,y)12Mg24, together with branching ratios, is shown
in Fig. 1, and a table of the known transition widths of
these-leVels is shown in Table 1.

It should be pointed out that until now all
llNaZB(p,y)leg,Z4 work has been carried out with NaI(T1) def
tectors. It was, therefore, proposed that a study of some
of the resonances in llNaZS(p,y)leg24 reaction be made with
‘available semiconductor, Ce(Li), counters, with the object of
checking existing data on decay schemes, branching ratios
“and gamma transition widths, with the ﬁuch increased re-
solution possible with these detectors.

This study was made between incident pfoton energies,
Ep, of 0.5 Mev and 1.8 Mev on the KN Van de Graaff accelera-
tbr of the Ontario Cancef‘Ihstitute in Toronto. The Q-value
6f the reaction being 11.69 Mev, this range of proton ener-
gies excites energy levels in legz4 from Ex = 12.17 Mev to

13.42 Mev.



CHAPTER 2

EXPERIMENTAL METHODS

2.1 Experimental considerations

(i) Introduction
The proton capture experiments discu§sed in this
fhesis were carried out uéing a High-Voltage Engineering
Corporation, Model KN, Van‘de Graaff, capable of giving a
beam of.protons up to energies éround 3 Mev. Energy stabi-
lization of the ion beam was accomplishedvby utilizing a
25° deflecting magnet and slit system. A nuclear magnetic

resonance system was used to measure the magnetic field.

The energy spread of the proton beam, - at tHe targét,

under normal operating conditions of Ep approximately equal
to 1 Mev was shown by Charlesworth (1967) to be < 1 Kev.
Since the accelerator and detector area were in a
single room, the target‘chamber and detector system were
located in a concrete blockhouse to reduce the amount of
radiation coming from sources other than the immediate tar-
get area. This procedure, of course, increases the "signal
to noise ratio", léadipg to the detection of lower inten-
sity radiation;fhan would have been possible without this

shielding.
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7.
The Ge(Li) detector used had an effective volume of

40 cu. cm. and was made by the RCA Corporation.

The NaI(T1) detector used was a 5" by 4" crystal.

(i) Geometry considerations.

The geometrical layout of the experiment is shown in
Fig. 2. The Ge(Li) counter was allowed_fo move iﬁ the hori~
zontal plane through an angle, 6, from 0° to 90°, with res-
pect to the beam axis; while the Nai(Tij counter remained
at a fixed énglé at all times. The target was.placed at 45°
to the beam so that gamma-rays from the reaction would pass
through a minimum of target backing before reaching the
Ge(Li) and Nal couﬁters. The targef chamber was so con-
:structed that water cooling could be_appliéd diréctly to: the
base of the target. In this experiment targets wefe used.
thaf evapdrated at féirly low temperatures; e.g. around |
700°C at atmospheric pressure, and this necessitated the use
of water cooling in order to be able to use useful beam cur-
rents, e.g. a few microamps, without the targets becoming ex-
cessively hot.

In the setting up of the experiment great care was
taken to ensure that the proton beam passed through the ver-
tical axis of the target chamber, and thét the detectors
were at the same horizonpal level as the beam at all times.
Further, it was ensured that the Ce(Li) countér remaiﬁed the

same distance from the target chamber wall at all angles of 6.



Therefore, provided that the beam spot diameter was kept
small compared to the detector size,‘e.g. about 1/8 iﬁch to
1/4 inch in this case was satisfactory, then the geometrical
errors in carrying out angular distribution experiments

could be kept to a negligible level.

(iii) Electronics considerations.

It must be pointed out that the action of protons on

2 ' . s
llNa 3 can result in three reactions:-~

23 24
(psv)ioMe™  57Q

1l

(a)llNa +11.693 Mev

20

(b)llNa23(p,a,y)loNe ; +2.379 Mev

f)
[l

23 , 23
(C)llNa (P,P ’Y)llNa 3 Q=0

The 11Na23(p,a,y)10Ne20 reaction is-characterised'by

.a strong 1.63 Mev gamma ray from the first excited state of

Nezo, and the llNaZB(p,p',Y)llNa23 reaction is characterised

10
by a strong 0.44 Mev gamma ray from the first excited state
of Nazs} As will be seen later we are not interested to

11
. w23 v 23 .
any ‘great extent in the 11Na (p,p ,Y)llNa reaction, but we

are interested to see if the 11Na23(p,u,y)loNe20 reaction is

23

: 24
11N (P,Y)leg resonance. There-

a competing process at a
fore, the gamma ray spectrum from the 5" x 4" NaI(Tl) crystal
was fed into two separate, single channel analyzers, the

gate of one being set to receive only pulses corresponding

to 1.63 Mev gamma rays, and the gate of the other being set
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"to receive all pulses corresponding to gamma rays of great-
er than 2 Mev. The "1.63 Mev" gate will obviously enable

Na23

us to see mainly the 11 (p,u,y)lONezo reaction, while

the '"greater than 2 Mev" gate will enable us to see the
gamma rays from any (p,Y) reaction that may be occuring in
the target..

The gates of the single channel analyzers were set
ﬁp using—gamma rays of known energy, e.g. the 1.17 Mev and
the 1.33 Mev gamma rays from Co60: One of the gates was
originally set up on one of these gamma rays, A pulse from
a pulse generator was then fed into the gate and its pulse
height varied until the pﬁlses passed through the set gate;
The setting on the pulse generator was ﬁhen normalized to
the energy of whichever gamma fay was Being used, without -
yarying‘the output bulse height. Using the fact that the
pulse:height from the pulse generator was proportional to
its dial setting, the two gates were set up at the energies
needed, as stated previously. The output from these two
gates were fed into two separate scalars for recording pur-
poses.

The gamma ray spectrum from the Ge(Li) counter was
fed via a linear amplifier~into’3200 channels of a SKIPP
6400 multichannel analyzer. With the gain of the systenm

set 'such that the multichannel analyzer would display a

spectrum containing all possible gamma ray energies from the
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(p,y) reactions, from approximately 0.5 Mev upwards, the
enérgy calibration of the analyzer was around 4 Kev/channel.
This was a convenient calibration as it was found that the
resolution of the system as. a whole was around 10 to 12 Kev

for gamma ray energies from around 0.5 Mev to 14 Mev.

(iv) Target and backing choice.
Initially targets of NaCl were used in the experiment
but it was found that there were many competing resonances

37 38
from l7Cl (p,y)lsAr

and 17C135(p,y)18Ar36 reactions,
whose Q-values are 10.243 Mev and 8.506 Me? respectively.
NaOH targets were then tried and found to be eﬁtremely clean
of all reactions excépt tﬁose involving sodium.

As it was impossible at the time to producg self-
supporting targets of the above éubstances,it.waé necessary.
to form them on a rigid backing. This backing must be thin
to avoid any gamma ray absorﬁtion but at the same time must
be a good conductor to remove the heat caused by the proton
" beam.

Originally 0.010 inches thick copper sheet was used
for the backing and was found‘successful ﬁp to an energy of
around 1 Mev when the background increased sharply due to
29Cu63(p,y)302n§4 and 29Cu65(p,y)302n66 reactions. Curren?s
of around 7 microamps could be used on.these backings with-
ouf notiéabie targgt detefiératibn. |

Tantalum backings of the same thickness were then
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12,

;ried ang fognd to be free from excessiye background over
the whole of'the energy range used. However, the current
possiblerwas’a"little less due to the poorer conductivity
of tantalum.

In some of the later experiments, it was found that
a larger target current would be desirable in order to re-
duce the amount of running time. For this reason a target
‘backing of 0.005 inches gold was clamped between two pieces
of 1/16 inch copper sheet, as shown in Fig. 3. The gold was
used because it has the low backg%ound property of tantalum
with quité a bit better conductivity, together with the fact
that it is soft and will maké a good thermal contact with
the copper supports that are clamping it. The copper sup-
pofts provide a much-more efficient Qay of conducting heat
away from the target than does the usual geometry, hence a
much higher current can be used., -In this case it was found»
that curfents around 20-25 microamps could be used withoutv
excessive damage being dbne to the‘farget.

However, due to the large amount of copper being e%—
posed to possible stray beam,‘a tantélum beam stop, with a
3/l6yinch ﬁole, was placed a few inches in front of the tar~’
get. This beam stop was normally grounded to avoid charge
build up on it; but, as will be seen later, it could be used
for secondary electron. suppression by putting about 100 wvolts,

negative with respect to the target on it.
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(v) Target and backing preparation.

The copper backings were prepared by first buffing
on a workshop buff with fine jewellers polish, and then
cleaning inacetone ana distilled water,

vThe tantalum backings were prepared by just washing
in acetone and then distilied water.

The gold backings were first cleaned in acetone, then
put in an acid bath for several minutes, and, finally, washed
in distilled water.

| ‘The NaCl and NaOH targets were preéared by evaporation
of a certain amount of the substance concerned onto the tar-
gét backing, in vacuo. The geometry used is shown in Fig..é.
It was found that a targetbof thickness about 40 micrograms
per sq. cm. could be made by.eVaporatihg'about.S milligrams
of either NaOH or NaCl in the above geometry. This is an
energy thickness of around 5 Kev for protons of about 1 Mev.

Fér high ‘current targets a layer of goid of about
one half the'thickness of the target was deposited on the
top of the target. This was thought to help stop,deteriofa—
tion of the target and indeed seemed to be an improvement
oh_targets without this gold surface.

Both NaCl and NaOH targets were‘prone to absorbiﬁg
water if left in the atmosphere for any length of time. The
effects on NaCl of water absérption vere very little;-but

the effects on NaOH were quite noticable, and the latter
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Resonance ' Proton Energy

Number (Kev)
1 676
2 739
3 744
4 872
5 987
6 1010
7 ~1020
8 1163
9 1174
10 1204
11 . 71210
12 1254
13 : 1284
14 - | 1318
15 | | 1328
16 T 1394
17 1417
18 1458
19 1720

TABLE 2: Identification .of 11Na23(p,Y)12Mg24 Resonances
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targets had to be handled with extreme care so as not to ex-
pose them to the atmosphere for too long. This handling
involved letting the vacuum évaporating systém up to atmos-
.phere with dry nitrogen, and, also, putting the target into
the target chamber in an atmosphere of dry nitrogen. At all

other times the targét was in an evacuated desicator.

2.2 Yield curve considerations
In the initial work measurements of the gamma ray
yield corresponding to the "1.63 Mev'" and "greater than 2

MeV"

gates were made for the proton energy range from Ep

= 0.5 Me# to Ep = 1.8AMev. This was in 6rder to find the
23 24 ‘ ‘ ) . :

11Na (p,y)leg resonances and the contribution to these

~resonances from the Na23(p,a,y)lONe20 reaction.

11 _

Yield curves were obtained fér both NaCl and NaOH'
targets. The yield c¢urves from the '"greater than 2 Mev"
gate for NaCl and NaOH are 950wn in Fig. 5 and Fig. 6 res-
pectively. A yield curve from the "1.63 Mev' gate, when a
NaOH target was used, is sh6wn in Fig. 7. |

All the‘resonances that had been seen in previous
work in this energy range were seen, and a new resonance
that Had not been seen previously was found at around 1.72
Mev.

The resonances shown in the above curves are numbered
and the nuﬁbers ére expiéined ih Table é..‘Thé enéfgy thick-

ness of the targets used fof these yield curves was around
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5> Kev at Ep v 1 Mev.

2.3 Procedure for fihding decay schemes

For -finding the decay scheme of a particular reson-
ance, gamma ray spectra from the Ge(Li) counter were obtained
at 0° and 90°. It should be pointed out that if the life-
time of a resonance level is much smaller than the time the
recoil nucléus takes to slow down, then the energies of the
gaﬁma rays observed at 0° to the beam direction will show a
significant'inc}ease in energy bver the true gémma ray energy.
This is due to the Doppler shift effect of a gamma ray being
emitted from a moving nuc}eus. Of course, no Doppler shift
will be seen at 90° to the beam direction.

It should be pointed out that with the high excita-
tion energies achieved in this reaction, it is reaéonable‘to
expect, in the proton energy range studied, to find some re-
sonances with lifetimes much shorter than the recoil time
. of the nucleus concerned. - As wiil‘be seen from a sdbsequent
section on méasufements of gamma radiation widths, the re-
sonances with the largest gamma ray yields will have the
largest resonance strengths, wy. This, in turn, means that
these resonances will have the largest total widths and the
shortest lifetimes. Therefore, by choosing to study.only
thg resonances with the 1arge§t gamma ray yie;ds, it is
most probable that the eﬁergiés.of the primary gémma rays

from the resonances will exhibit the full Dbppler shift.

g .



21.

Subsequent decays in the cascades from these resonances may
or may not exhibit Doppler shift effects.  The magnituae of
the Doppler shift effect seen in these subsequent decays
will, of course, depend on the lifetimes of the intermediate
states.

In the resonances studied in this thesis, tyéical
Doppler shifts on the primary gamma rays were around 15 to
20 Kev for a 12 Mev gamma ray. For this reason the true
energies of the, gamma rays were found from the.90° run whilg
the 0° run served to detect the priﬁary gamma rays in sone
céses.( The energies of the peaks in the 90° specfrum will
be given by Ey = A(x + B); where Ey is the energy deposited
in the detector, A is the dispersion of tﬁé anaiyzer, i.e.
“‘Rev/ch., A.B is the eﬁergy correspondiﬁg to channel zero;~
and x represents the analyzer ghannel number. A and B are
constants in this equation.

Values of A Qere found at many points in the spectrum
from the fact that the Zna escape and lst eécape, and 1lst es-
cape and full energy peaks, of any particula? incident gamma
ray, are separated by exactly 511 Kev. By knowing the humber
of channels separating these peaks, A can be found. From
these‘values of A an average value of A was‘estimated so as
to cover the whole of the spectrum. Knowing A and using tﬁe
racCuratelyvknownbfull’enérgy ﬁeak-of the 1.369 Mev gamma ray

in the spectra as a standard, the energies of all the other
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peaks in the spectfum were found by using the formula men-
tioned earlier in this section.

In cases where a definite non-lineority was present
in A over the spectrum, the energies of the peaks were found
by using the values of A appropriate to the various sections
of the spectrum.

Obviously in order to get accurate values of A, the’
channel numbers of the peaks concerned must be known accura-
tely. For ;his1reasbn the centroid of each'peak was found

using the formula:-

Y ch. nos. x counts

Centroid =
Z'counts

This technique allowed the finding of the channel
"number of a peak, in a typical case,'tb about 1/10th of é.
channel. | |

In order to facilitate calculationsvand not tb have
to work out the energy of every single peak in the spectruﬁ,
‘the full energy, lst escafe and 2nd escape éeaks for each
particular gamma ray were identified and the'energy of the
largest of these three peaks was found. The necessary cor—’
rection was then made in order to give the full enérgy of
the gamma ray concerned.

Once the full energy wvalues for all the gémma rays
were known, these were fitted to a decay scheme by requiring

that the sum of the gamma ray energies in a particular
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cascade be equal to the resonance energy. After a plagsible
decay scheme had been found the dispersion, A, was altered
slightly, 41f necessary, to give the maximumfself”consistency
between the energies of all the gamma rays, so that the
most accurate decay scheme was found.

As an added check on the decay scheme found by thei
above technique, the intensities of the gamma rays in each
proposed cascade were found, using the technique described

in. the next section, and checked for consistency.

2.4 Procedure for finding branching ratios

In the geometry used in this experiment the inten-
sity of a gamma ray in a certain transition, recorded in the
Ge(Li) counter, at a certain éngle 6, with respgct tovthe._
beam‘axis, is given by the expression:-

w(e) = % An Pn (cos Q);

where the summation is only over even values of n.
Now if this expression is integrated over 4w solid

angle, we obtaip:-

W(8) = constant x Ao
b

It can be seen, therefore, that Ao will be propor-
tional to the total number of gamma rays occuring in that
transition,'dufing‘the time taken to rum the experiment.

There is, however, a correction in the above equation



due to the finite solid angle that the detector makes with
the beam spot. This property tends to 'smear out' angular

distribution effects. It is more strictly true to write:-
w(e) = g On An Pn (cos 8)

where Qn is an attenuation coefficient that depends only on
the solid angle that the detector makes with the beam spot,
and is a constant for any particular gamma ray energy. In

the case of Ao, however, Qo can be set to unity as io does

not depend on any angular effects.

If, therefore, the Ao coefficients could be found for
all the observed transitiéns from a particular energy level,
then, by a relative comparison of these values, the branch-
ing ratios of the gamma rays from that-particulér level could
be foqnd.

O0f course, there wquld have to be a correction made
to each Ao value for the efficiency of that partiéular energy
gamma ray in the detector used. For this reason some‘timé
ﬁas spent on producing a relative efficienéy curve for the
40 cu. cm. Ge(Li) counter used in these experiments. De-
tails of thé production of this relative efficiency curvye
will be given in a later section.

In order to find the Ao value for any particular
gamma ray ffadsitidn, it was decided to record Ge(Li) SPectfa,

from the resonance concerned, at several different angles of
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8, and then least squares fit the intensity of the parti=
cular gamma ray at each ahgle to the Legendre Polynomial
expansion mentioned Qt the beginﬁing of this section. It \
was assumed that no highen‘multipole radiation than quadru-
polé would be present in any gamma ray transition and, there-
fore, the fit only included terms ué ton = 4 in the
expansion.

Before the spectra; obtained at the Qarious angles
of 6, fof the resonance concerned, can be used in a relative
calculétidn there is a question of norﬁalizing'each ruﬁ to
a éommon incident proton numﬁer; This n&rmalization»was ini-
tially performed by using the total counts appearing on the
scalar registering the pulses froﬁ the NaI(Ti) crystal pass-
ing through the "greater than 2 Mev" gate during the time of
the particular run. -It_wés assumed that the number of inci-
dent protons would be directly propdrtional to this scalar
count. This assumes fhat the height of the yield curve over
the resonance in question and the background‘contribution to
this yield‘cdrve remains constant over the time taken to péf4
form the series of runs at all angles. This was checked by |
plotting yield curves over the particular resonance atlregulaf
intervals dﬁring the runs. However, inaccufacies could a;ise
in this méthod of normalizatioﬁ if the gain of the NaI(T1l)
system fluctuated du?ing runs. This effect was thought to be

small.
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‘In later experiments with high proton currents,
some changes in yield curve shape was noticable over the
length of a run. In this case the above type of normaliza-
‘tiop becomes quite inaccurate. To ensure an accurate norma-
lization for these experiments it was decided to record a
gamma ray spectrum from the fixed angle NaI(Tl) crystal dur-
ing each run on the Ge(Li) counter. The normalization was
then achieved by normalizing the areas under a particular peak
on the NaI(T1l) spectrum. Due to the poor resolution of
NaI(T1l), the area under each peak concerned was found by cal-
culating the centroid of the peak, as explained previously,
and then summing thé counts in a fixed number of channels
either side of the centroid. ‘It.was,nécessary to correct
this number of channels from spectrum to spectrum if the gain
of the system changed appfeciably between funs. Subtraction
of background proved unnecessary‘as the normalization cox
effigients changed by less than 1/2% when this‘was done,

Now, after normalization, the relative intensities of
the particular gamma ray under study in the Ge(Li) spectrum
- at each angle used, will be equal to the relative areas
under thé 2nd escape, lst escape, or full energy peak of that
particular gamma ray. Obviously for the best étatistics, the
iargest of these three peaks was used to find the angulaf
-distribution of the gamma ray concerned.

The areas under these peaks were found by summing the
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counts in all channels contained in the peak and then sub-
tracting from this total the background contribﬁtion to

the peak{_ Generally, the level of the background under

the peak could be assessed by observing the level of the
background for twenty to thirty channels above and below the
peak, and assuming that no drastic background change occurs
direétly under the peak. In this case the errors on ‘these

areas are given by the statistical factor, (Feynman, 1963),

AY = [Variancé (YIELD)]I/Z

= [Variance (TOTAL COUNTS - BACKGROUND COUNTS)]l/z

= [Variance (TOTAL COUNTS) + Variance (BACKGROUND)]]'/2

= [Variance (YIELD) + 2 x Variance (BACKGROUND)]l/2

- [YIELD + 2 BACKGROUND]L/2

In some cases, however, it was quite difficﬁlt to
assess the level of the background. In these cases an intel-
ligent guéss was applied and a corresponding possible error on
this guess was included into the final calculation. |

The Ao values found from the above calculations are
just those of the 2nd'escape,.lst escape oOr fullkenergyr
peaks, whichever was used to find the angular distributions
of the incident gamma ray concerned, Therefore, the cor-
rection for thé efficiency of the Ge(Li) counter must‘be ob-
tained from -the appropriate relatiye efficiency curve, e.g.-

the 2nd escape, lst escape, or full energy curve, as shown
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in Fig. 8.

In cases of weak transitions where statistical er~
rors are quite large, the Ao values for a particular trans—'
ition may be found from theAareas under the peaks in the
55° spectrum only. This is because Pé(cos 55°) = 0 and it
is reasonable to assume that the A4 coefficient will be small

compared to the Ao coefficient.

2.5'The Ge(Li) detector relative efficiency curve

As has been previously meﬁtioﬁed, thére is a neces-
sity to know the relative efficiency cﬁrve of the Ge(Li)
detectdr used in these experiments. The relative efficiency

curve can be found by three main methods:

(a) By using known radioﬁctive sources of
known strengths,

(b) By a relative calibration from a known
efficiency curve of another detector.

(c) By using a 1007 orx near 100% gamma ray

cascade from a known nucleus.

Only the last two m;thods were employed with the
above detector. These two.methods are described below:-

(b) In this method the counter with tﬁe known ef-
fi;iency was pléced at, say, 8 = 90° in the same geometry as
was uséd pfeviousiy. Tﬁe céuﬁter of the unknown efficiency

was placed at 8 = 0°. These two counters then recorded
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simultaneously the gamma ray spectrum from a known reaction,
o ’ : 23 24

in this case the 1020 Kev resonance in the Na " (py)Mg re-
action. The counters were then reversed and the same spec-

trum recorded in a similar fashion. It can be shown that

the formula relating the efficiency of these two detectors

is:-
. 3, 0°)n, (90°) e
1 . N2(0°)N2(90°) 2
where: ’
N1(0°) = Nos. of cts. in a certain peak in the
spectrum ﬁromAcounter 1 at 0°.
Nl(90°) = Nos. of cts. in’the same peak in the
‘spectrum from counter 1 at 90°,
NZ(Of) = Nbs. of cts. in the same peak in the
spectrum from counter 2 at 0°.
N2(9O°) = Nos.’of cts. in the same peak in the
| spectrum from couﬁter 2 at 90°.
€y = efficiency of éountervl for the peak
concerned.
€, = effiéiency sf counter 2 for the peak

concerned,

The peak concerned can be a 2nd escape, lst escape
or full energy peak.
This technique, then, nullifies all angular effects

of the gamma rays and also the different finite sizes of



the detectors.

The counter of known efficiency was a 23 cc Ge(Li)
counter and thé’poiﬁts on the efficiency curve found from
this method are at gamma ray energies of 1.37 Mev, 1.63 Mev,
2.86/Mev,k3.81 Mev, 4.23 Mev, 4.90 Mev, 6.35 Mev, 7.50 Mev,
7.85 Mev, and 8.44 Mev. The resulting curve was quite good
except that the errors on some points were quite large.

(c) Inm this method, if a cascade is known to Ee a
190% cascade, then by the angular distribution means ex-
pléined previously, the Ao value for each gamma ray in the
caécade can be fouﬁd and comgared. Obviously_the Ao values
should be equal apart froﬁ the efficiency of the detector
_used in the experimént.

A céscaae of this type occurs in the 1318 Kev re«~ -
sonance in- the Na23(pY)Mg24 reécpion. The céscade is the
Res.» 1.37 +g.;. and this, therefore, will give a reldtive
energy efficiency between'the 11.59 Mev and 1.37 Mev gamma
rayé.

A similar cascade is the 1416 Kev resoﬁance also in
Na23(py)Mg24. This cascade is the Res.* 4,12~ 1.37 +g.s.
Now, the Res. »4.12 ~1.37 céscade is known to be a 100% but
the 1.37>Mev level is élsorfed‘in small amounts from other
levels than the 4.12 Mev. However, this effect can be al~
lowed for as Wili be shown in the section gOVérniﬁg‘the étudy

of this resonance. This cascade, therefore, yields a
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relative éfficiency between the 8.93 Mev, 2.75 Mav,éﬁi 1.37
Mev gamma rays.

" The relative efficiencies thus found were normalized .
to the 1}37 Mev value on the efficiency curve found from the
preﬁious technidue.

The efficiency curve obtained from the above techni-
ques is §howﬁ,in Eig.'8 and is fairly accurate except in the
region from.4.5 to 7 Mev. Howe&er, it was found that very
few gamma rays bf this energy were seen, and those that were
seeﬁ were:quite weak, and, therefore, accuracy was rot so

important in these cases.

2.6 Procedures for finding gamma transgsition widths

Iy
(i) Theoretical considerations.
It is well known that the variation of the cross-

section of a reaction, over a resonance, is governed by the

Breit - Wigner formula, (H.E. Gove, 1959):-

2
op(E) =og 1Mzr 7
(E-Ep)* + 1/4 T
' ’ : L Xz W
" where UR = —-F——*l
. F (23, + 1) T,
wy (21, + 1) (210 + 1) T

1
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The explanation of the terms in the above equation are as

follows:-
E = iaboratory energy of the input'particle
ER> = observed resonance energy
r = total observed‘resonance width
= sum of the widths for all the passible
decay channels of the resbnance
Pl = the sum of the widths of the observed
formation channels of the resonance
F2 = the sum of the widths of the observed
' decay channels of the resonance
Jl = spin of thevresﬁnance level
il = spiﬁ of the input particle
To = spin of the target nucieus
' Ma _h |
and o= ;ng J2MaE
where Ma = mass of incident particle
Mx = mass of target nucleus

In this resonance formula the term of interest is
wYy, or the so-~called 'resonance strength'. In the case of
23, 24 . . : .
the Na" " (p,Y)Mg reaction, this would be written as:-
(ZJ1 + 1) FpFY
+ 1)(2Io + 1) T

wy = (21,

This 'resonance strength' can be caléulated experi-

mentally from the yield curve over the resonance in question.
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However, before attempting to derive the fomulae relating
the yield cur?e characteristics to the resonance strengths,
the reasons for the shape of the yield curve obtained
experimentally must first be understood.

In order to explain this more clearly, it is use~.
ful to consider the limiting case where a flux of particles

of energy E >>E_ are incident on a target of energy thick-

R
ness t >E and >>T for a time T. By energy thickness it is
meant the energy that an incident particle loses in passing
through the target.

As the protons, in this case,.pass tﬁrough the tar-
get they lose energy by various types of collisions and at
some stage their‘energy will pass into and through the
energy rangewherefthe probability of a reaction of the type
under study will become significant. ' The probability is ob-
viously goyerned by the Breit- Wigner cross-section formula
for the resonancé under study. If, now, a plot were made of
the number of reactions of the typé under étudy occuring in
time T, at proton energy E, vs. the proton energy E, then the
curve would be similar to that shown in Fig. 9. The maximum
of the curve shown ha; been normalized to unity. The curve
would have a Breit - Wigner shape with a FWHM equal to the
T of the resonance under study. This curve will only reé
sult if the numbér of reactions of the type being studied is

much less than the incident proton number. This is an
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extremely good approximation in the reaction being studied.
By definition, o(E) is the probability Bf a reac-—
tion, (ofvthe type being studied), per atom (in which the
reaction is occuring), per cm2 per incident proton of energy
E. Consider now a thin element, width dE, in the above
curve. The number of atoms per cm2 that the proton 'sees'

when it passes through this energy range will be:-

dE
k(E)

atoms/cm2

where k(E) is the energy lost by the proton per atom (in
which the reaction‘is occuring) per cmz. This is usually
referred to as the atomié stopping cfoss—section of the ele-
ment concerned.

It can now be seen that the nﬁmber of'feactiéns,'df
the type underAstudy, occuring in the energy range dE, at
protén energy E, will be:-

= o(g).dE_ N
k (E)

.where N = total numbef of protons incident on the target in

the time T. |
Tﬁerefore, the total number of reactions of the

type under study, occuring in the whole of the target will

be:-

f ™~
g
A

Y(o) = N \ o(E) 4

|

~
e
=
~
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The justification in integrating from O.to‘°°
arisés'from the fact that the Breit = Wigner cufve ié a
rapidly'decreasing function on either side of its maximum.
To illustrate this fact consider,qhe‘following figures for

various target thicknesses and incident proton energies:-

Target thickness Incident. : DA 3 N
e A 1007
(t) proton emnergy Y (=)
(Eb) . -
4or Ep + 20T 98.4%
20T Ep + 10T , 96.8%
ior Ep + 5T - 93.6%
5T ' Ep + 2.5T 87.5%

It should be noted that the figures are given for
incident proton energies that give the proton energy,

E = E at an energy depth of t/2 into the target. This is,

R?
of course, the incident proton energy that will give the maxi?
num number of reactions possible in a target of thickness t.
It should also be pointed out that in the above cal-
culations k(E) has been assumed to'remain constant with
energy. This is a good approximation as the values of T are
typiéally the order of a few Kev at most, and the k(E) value
in the targets used vary by about 1%Z in 20 Kev at pfoton ener-~
gles arouﬁd 1 Mev.
Coﬁsider now a target'of'enefgy thiékness 40T for ex~

ample. 1If the incident proton energy is varied sﬁch_that it
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.

covers a range of energies from well below the resonance
energy to well above it, and a plof made of the total num-
ber. of interactions dccuring at each incident enérgy Vs,
incident energy, then the curve shown in Fig, 10 will'reéult.
Obviously, the number pf reactions occuring at each incident
energy'will be proportional to the area under that paft of
the curve sﬁown in Fig. 9 that the energy of the incident
proton covers on slowing down in the target. The curve shown
in Fig. 10 is what is termed the yield curve pvér the reson-
ance in question.. The points on the curve shown are norma~
lized to the Y(») value for the T concerned. It can be seen
from this curve that the energy of_the resonance occurs half-
way up the -lower energy edge of the curve. It can also be
seen that the height of ﬁhe stép in this curve is, to a good
approximation, equai to Y(w). Therefore, knowing the héight
of this step, then the resonance strength, wy, can be found.
The fact that the yield curve shown in Fig. 10 does
notvlook exactly like yield curves found by experimeng is
due to two main reasons. One reason is that in all the pre-
ceding arguments a mono-—-energetic beam of protons has been
used, whereas experimentally there is always a finite energy
spread in a beam of particles from a Van de‘Graaff accelera-
tor. The energy distriﬁution in the beam is such tbat it
can' bé assumed Gaussian, and, ‘therefore, a'rapidly'varying'

function on either side of its maximum. This incident beam
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energy spread will alter the shape of the high‘and low
energy edges of thé yield curve, However, uniess the beam
energy spread together with T is appreéiable compared to the
target thickness, very little decrease in the height of thé
yield curve will result. The dotted line in Fig. 10 shows
the effects on that particular yield éurve 6f an incident
beamJenergy spread, AE (FWHM) = 4f. Even if AE = 10T, the
height of this yield curve would decrease by 1ess~than.li.

The second contribution to the difference betweeﬁ
the theoretical and expériméntal yvield curves is caused by
thé energy straggling of the protons as they pass through
the target. This effect is obviously going to make the
slope of the high energy edge of thenyield curve much less
than that of the low energy edge. As a typical éxémple, if
I''in the yield curve shown = 0.5 Kev, i.e. AE = 2 Kev and
t = 20 Kev, then at an incident proton energy éround i Mev
on atarget of Z- 12, the straggling'effect would be that
shown by the broken line in Fig. 10 (H.E. Gove, 1959).

It can be seen, then, from the above arguments, that
in order to get.a step héight in the expefimental yield
curve to within a few percent of Y(=«), then certain conditions
have to be met. These conditions are that t > 40T or > 4AED
whichever is the greétér, and prdviding these cdnditions
are met then effécts on the step heightvof the yield curve

due to straggling will not be appreciable in the proton energy

1
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range‘used;- The condition that t > 4AED must‘be.hela to
rigidly as the correctionsvinvolved if this is not true
are very Compléx. However, if the other ponditidn is not
obeyed for some reason then the correctidns involved are
quite stfaight—forward;

| The targets descfibed up to now are known as 'thick'
targets for the obvious reason that t >>I. In certain circum-
stances 'thin' targets, i.e. t <<P,‘can bé uséd to obtain a
yield curve, and it can easily be shown that the area under

a yield curve from a thin target will be, (H.E. Gove, 1959):-

oo

o (E)dE

[
=]

é.

where n is the targetbthicknesé in atoms/cm2

Obviously, if AEb <<t and t <<T', then the yield curve i
obtained would take on the Breit - Wigner shape of FWHM = T,
If, however, Aﬁb ~'T then the yield curve shape and area un-
der the yield curve from the thin target would differ great-
ly from that predictedkby thoery. As AEb of the Van de Graaff
used was ~1 Kev, énd the 1argést I studied was; 5 Kev, it

was decided to use 'thick' targets in all the. cases studied.

Therefore, for a thick target, it is known ‘that:-

y(®) = /2, 1/k . ogT
a2 2 I3+ D) rry
T Tx (21 ‘

1t 1)(21o + 1) r
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Pfovidiné thén, that Y(«) can be measured, and k énd FP/F
known, Ty caﬁ be fouhd by the techniques described above.

However, with targets made by évaporation teéhni—
qﬁes, it cannot always be"aésuméd-that tﬁe constituency of
the target material is the same before and after evapora-
tion. Because of this, it is more reliable to use a method
for finding Ty that involves knowing relative k-values instead
of absolute values. In order to use this techniqﬁe, an ab-
solute value of resonance strength for one of the fesonaﬁces»
under study must be known. The value of wy for the 511 Keﬁ
resonance in llNa23(p,Y)12Mg24 has been found quite accur-
ately by Enkelbertink (1966) involving a standard wy known
from a resonant absorption experiment. Enkelbertink had
used, among others, a NaCl targe£ and had fouhd fhat the
constituency of NaCl had not changed appreciably after evap-
oration. It was, therefére, proposed to use 'thick' NaCl
targets for finding the Fy'ébof various resonances and fo
use fhe.wy of the 511 Kev resonance as the standard reson-
ancebstrength.

For a relative calculation involving two resonances

it can be written then that:-

2 k (2_']2 + 1) r I'p, I'Yz

Yo(=) o oxT, Lk, (23] + 1) rp; T, Ty,
Y, (=)

% 1 1

The values of (kzlki) were found from extensive
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work on étopﬁing powers done by Whaling (1958). ‘A gréph

of the relative stopping powers used 1is shown in Fig. 11.

(ii) Measurement of Y («).

The value of Y(») for a particular.resdnance may be
found by counting the numbér ofrprimary gamma rays coming
from the resonance concerned, for a certain incident pro-
ton number. With the technique explained previously, how-
ever, we are only interested in relative values of Y(»)
for any two resonances. These meééurements were carried out
by recording a Ge(Li) spectrum at 55° for both resonances
cdncernéd. The same target was used for studying both re-
sonances in order to ensure that the target was the same
constituency for both resonances, and, the;efore, the re-.
lative stopping powers used would, most likely, be correct.
In order to avoid excessive detérioration of the target
during the runs on the two resonances, only low proton cur-
rents, e.g. & 2-3 microamps, were used, and the runs were
of only sufficient duration so as to give about 57 statis-
tical error in the area of the most intense primary gamma
ray peak in the spectrum, from the resonance concerned.

Once the'aréas under the above peaksbwere known,
the appropriate effigiepcy corrections were applied in or-
der.té find fhe relative Ao value for those pérticula; gamma
rays. It was not mnecessary to take into account angular

distribution effects, due to the size of the statistical

¢



“errors involved.
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Knowing the relative Ao value and the

branching ratios of the particular decays from the previous

work

done in this thesis, then the ratio of the total num-

ber of primary gamma rays from each resonance can be found

by obvious means.

must
This
i.e.

each

Of course, the runs on the two resonaﬁces concerned
also be normalized to unit incideﬁt broton number.

was achieved by measuring the totélkintegrated current,
total charge, collected on the target during the run om

resonance, and then normalizing each run to unit in-

cident charge.

We have then that the ratio of the Y(*») values for

two resonances is given in the formula:-

R ST T T |
Ypl=) 8y T o&y 7By TN
where: - AA1‘= area under peak concernéd in resonance 1,
A2 = area under‘peak concernéa in fesonaﬂce 2.
€, < relative efficiency of gamma ray from re-
sohance 1.
€y = ;elative efficiency of gamma ray from re-
sonance 2.
B1 = branching ratio of gamma ray from resonance
1.
B2 = branchipgrratio of gamma ray from resonance

2,
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N

N,

]

charge collected during run on resonance 1.

]

charge collected during run on resonance 2,

Thelabove formula assumes, of courée, that the tar-
bgét used- in the study of the two resonances, obeys the con-
ditions for a 'thick' target. If these conditions are not
met with, then the correction explained previously must be
applied to the final result.

It shouldvbe pointed out that in order to get a true
réading of the charge collected on the targét'during,a run,
it was necessary to suppress secondary emission of electroﬁs
from the target by putting a voltage, negative with respect
to the target, on the tantalum beam stop mentioned previouely;
It was found that 100 volts on the beam stop was enough to
suppress secondary emission over the range of proton ener-

gies used in this experiment.



CHAPTER 3

EXPERIMENTAL RESULTS

3.1.In;roduction

e ———p———————t i

This chapter contaiﬁs the experimental results ob-
tained for six resonances in Na23(p,Y)Mg24. These dre
Ep = 512 Kev, 987 Kev, 1020 Kev, 1174 Kev, 1318 Kev and
1416 Kev. These resonances were sﬁudied because of their
relatively iarge gamma ray yields, because veryvlittle;of

the Nazs(p,p'y)Na23

and Na23(p,a)Ne20 reactions occur at
these resonanées, and because Pp >> Ty (Nordhagen, 1964).
This énsureé that FP/F«can bé‘approximated to unity in the
gamma transition width calculations, except in the 1416 Kev
regonanceAwhere FP/F~= 0.5.

The decay schemes and branching ratios‘were found for
each resonance. "~ Also the gamma transition width for each re-
sonance, except‘the 1416 Kev, was fouﬁd and the partial gamma

widths for the gamma decays from the resonance were compared

to Single Particle. Estimates.

3.2 Results
(i) Ep = 512 Kev Resonance.
This resonance was studied with a NaCl target about

10 Kev thick at the resonance energy. Gamma ray spectra were

47.
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Transition Number

1

2

10
11
12
13
14
15

16

Transition

1.37 Mev > g.s.
4.24 Mev » 1.37 Mev
Res. = 10.07 Mev
Res. + 9.98 Mev

Res. » 8.65 Mgv

4.24 Mev > g.s.

Res. = 7.75.Mev

6.44 Mev » 1.37 Mev
Res. » 6.44 Mev

7.75 Mey » 1.37 Mev
8.65 Mev ~» l;$7.Mev
Res. =~ 4.24 Mev.
10.07 Mey - 1.37 Mev

Res. - 1.37 Mev

Ey = 1,46 Mev from 40

background

TABLE 3: 1Identification of the peaks in:the Ge(Li)
Spectrum for the 512 Kev Resonance.
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obtained with tﬁe Ge(L1i) éouqter at 0°, 55° and 90?.. The
55° spectrum is shown in Fig. 12. This represents a run of
about 6.5 hours with a proton current of about 10 microamps.
Eéch peak in the spectrum is numbered and tﬁe explanation

of these numbers is given in Table 3. The figures in brac-
kets correspond to whether the peak is a 2nd escape, i.e.
(2), 1lst escape, i.e. (1), or a full energy, i.e. (0).

The decaygscheme was found from the 90° run as pre-
viously explained. The very accurately known energy of the
1;37 Mev gamma ray in this spectrum was uséd.as the refer-
ence, together with the 511 Kev full enérgy, lst and 2nd
escape peak energy differences; as explained in a previous
section. .The'energy dispersion in this spectrum was ex-
tremely linear. up to about 8 Mev and perm{tfeq'a very
accurate calculation of the energies of the gamma. rays con-
cerned. Most of these energies are much more accurate than
have previously been obtained from Nal detectors.

For the branching ratio work the 0°, 55°, and 90°
spectra were initially normalized by using‘thei"greater
“than 2 Mev'" gate readings, but these were found to be in-
accurate due to the deterioration of the target during the
runs. However, a normalization was achieved using the fixed
angle, NaI‘spectruﬁ technique\with much shorter runs on the
Ge(Li) counter at the same angles as before. The ini;ial
runs were then normalized to the shorter runs using.the most

intense transition, the Res.” 1.37 Mev, in the. spectrum.
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This 'technique was successful but oBviously introduced lar-
ger errors than would have resulted from a direct normaliza-
tion,

The angular distribution found for the R »> 1.37 Mev.
transition was almost isotropic‘and contained no P4(cos 8)
term, within the errors of fhe results. Forrthis reason the
Ao value for this transition was found from the 55° run only,
where Pz(cos 8) = 0. The Ao values of all the other transi-
tions were also fodﬁd from the 55° run only% since the magni-
:tude of the statistical errors involved_d;d not warr;nt a
correétion for a possible P4(cos 8) term in the angular
distribution.

The decay schemg,'together with branching ratios is
shown in Fig. 13. This scheme.compareé almost exactly with
that given in Endt énd Van der Leun (1962), except that some
of thé secondary gamma rays were not seen in this experiment
due to the inadequate statistics. |

As has been mentioned previously, the gamma transition.
width for this resonance has been taken from work by
Engelbertink (1966), who found Ty = 0.35 (*0.056)ev. From
this value of FY; énd from the branching ratios found in
this experiment, the partial gamma ray widths of the trgnsi—
tions'froﬁ the resonance were found. These partial’widths
weré then ébmpared'to Single Particle Estimates for the

transitions concerned, and the partial reduced transition



10~
10~
10~
10~
10°
.1of
10~

10~

Transition %%%%) : %%ﬁ%)
Res. + 1.37 Mev 3.5 x 10 * 1.0 x
Res. » 4.24 Mev 1.2 x 10 ¥ 3.6 x
Res. - g.s. 1.7 x 10 ° 5.0 x
Res. » 10.06 Mev 2.7 x 10 3 7.9 x
Res. > 8.66 Mev 4.3 x 10 * 1.3 x
Res. » 7.75 Mev 1.2 x 10 % 3.4 x
Res. - 6.43 Mev 2.3 x 10 9 6.6 x
Res. =+ 9.97 Mev 3.3 x 10 * | 2.4 x

TABLE 4:° |

S1.9 x 101

1.1 x 10!

Comparison to Single Particle Estimates

in the 512 Kev Resonance.
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strengths: found are shown in Table 4. It can be seen from
this table that the reduced transition strengths arevsmaller,
by about an order of magnitudé, than those values for similar
transitionsAfor the other resonances ‘reported in this thééis.
The reduced strengths for the Res.> g.s. and Res.- 6.43 Mev
transitions, which must be pure muitiﬁoles, are even smaller.
In fact, from the reduced strengths for these two tfansitions,
one might be tempted to suggest that a spin of 2+ for this
resonance would be more acceptablex In this connection, it
'is interesting to note that the angular cdrfelatiOn measure-
ments made by Glaudemans and Endt (1962) are consistent with
a resonance spin of 1+, 1° or 2+, but spin 1 was more pro~
bable.

Although a sﬁin 2+ assignment seems‘possiblé, the
smallness of the comparison values ié most probably due to
the nuclear matrix elements of this resomnance beiné much dif-
ferent from those of the other resonances studied.

If the resonance is in fa;t spin 1 then the compari-
son values for the El1 and Ml transitions, shown in Table 4,
give nd indication as to whether the resonance spin is l+ or

1.

(ii) Ep = 987 Kev Resonance.
This resonance was studied with a NaOH target of about
5 Kev thickness at-Ep ~ 1 Mev. Gamma ray spectra using the

Ge(Li) counter were obtained at 0°, 55° and 90°. The 55°
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Transitio

n Number ’  Transition

1

10

11

*
This tran81t10n is hidden at the bases of the 1arge

backgroun

TABLE 5:

% Res.

Res.
Res.
Rgs.

Ey =

Mév > g.S8.
Mev » 1.37
Mev - 4.24

Mev » 1.37

Mev +~ 1.37

+ 6.00 Mev

> 5.23 Mev

¥

4,12 Mev

+

1.37 Mev

background

Ey =

(p’a)016

d peaks

6.13 Mev from F
background

Mev

Mev

Mev

Mev

Identification of the peaks in the Ge(Li)
Spectrum for the 987 Kev Resonance.
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1.46'Mev‘from K4O
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run is shown in Fig. 14 and the identification of the peaks
is éxplained in Table 5. This represents a run of about 3
hours duration using a proton current of around 2.5 microamps.

The decay scheme was found from the 90° run using
the very acdurately known energies of the 1,37 Mev and 2.75
Mev gamma rays as standards.

The branching ratios were obtained using only the
55° run since, again,-the statistics of the experiment did
not warranf,making a correction for a P4(c§s 8) term.

The decay scheme; together with Branching ratios 1is
shown in Fig. 15. This scheme compares very well with that
shown in Endt and Van der‘Leuh (1967), except that no Res. =
4.24 Mev transition was seen in the present work. This con-
:firms work done by Nordhagen (1964),'wﬁo aléo saw ﬁo Res:'+
4.24 Mev transition but who, however, did not see the Res. -
5.23 Mev transition that is definitely present. |

Thé'gamma transition width of this resonance was found
by'comparing its gamma ray yield directly with that of the
511 Kev resonance in the manner explained previously. A NaCl
target of about 14 Kev thickness at Ep v 1 Mev waé used for
the édmparison experiment.

The most'intense tranéition from each resonance was
used in the calculations. It was found that for this re;
sonance Ty = 0.33 (:0.13)ev. 'From>this'figuré and the branch-

ing ratios found in this experiment, the partial gamma ray



Transition

Res.
Res.
- Res.

Res.

TABLE 6:

59.

Texp Fexp T'exp Texp
r(E1l) I (M1) T (E2) T (M2)

7.2 x 10°% 2.1 x 10 2
2.1 x 100% 6.0 x 10 3
1.1 x 10 * 3.2 x 10 3

8.9 x 10 3 3.7 x 101"

Comparison to Single Pa:ticle Estimates
in the 987 Kev Resonance. '
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Transition Number : Transition
1 1.37 Mev » g.s,
2 4.24 Mev > 1.37 Mev
3 Res. = 8.87 Mev
4 " 4.24 Mev » g.s.
5 8.87 Mev » 4.24 Mev
6 Res. » 7.75 Mev
7 | 7.75 Mev > 1.37 Mev
8 . 8.87 Mev » 1.37 Mev
9 - Resv > 4,24 Mev
i0 | .Resp +.l.37.Mev
23

11 : Ey = 1.63 Mev from Na
: " (p,sa)Ne20 reaction

TABLE 7: JIdentification of the peaks in the Ge(Li)
Spectrum for the 1020 Kev Resonance.



62.

Widths cf the transitions from the resonance were found

and compared to Single Particle Estimates. These partial
reduced transition strengths are shown in Table 63 It can
be seen that the values in this table give no indication

whether the spin of the resonance is 4+ or 4 .

(iii) Ep = 1020 Kev Resonance.

Aé the natural width oé this resonance is around 4
Kev, a t;rget of NaCl.of around 20 Kev thickness at Ep vl
Mev was usea in‘the study of this resonance. fhis térget
.gives, therefore, almost the maximum poésible gamma ray yield
from the resonance in question without including any ﬁearby
large resonances. A short run was carried out, at 90°, at
‘an energy about 10 Kev below the 1020 Kev resonaﬁce, where
a smaller resonance was present. From this run itAwas con-
cluded thaf the gémma rays from this lower resonance could
not be c0nfuééd with those from the 1020 Kev resonance.

Gamma ray spectra from the Ge(Li) counter.weré ob-
tained at o°,735°, 55°, 75° and 90°. The 55° run is shown
'in Fig. 16, and the identification of thevpeaks explained
in Téb;e 7. This represents a run of about 2.25 hours dura-
tion at a proton current;of around 20 microamps.

The decay scheme was found from the 90° run using
the 1.37 Mev and 4,24 Me% gamma rays asxstandards. The value
of the 4.24 Mev gamma ray was féuﬁd accurately ffom the

analysis of the 511 Kev resonance.
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For the bran;hing ratio work the runs were norma-
lized using the fixed angle Nal teéhnique. The Ao value
"of the Res. » 4.24 Mev was found from the angular distri-
butioﬁ of the gamma rays concerned at all angles measured.
The angular’distribution for this gamma was found to be
W(8) o 1 - 0.141 (*0.03)P,(cos 8) + 0.051 (£0.031)P, (cos ).
The Ao value for the Res. » -8.87 Mev transition was found,
in a similar way, to be W(S) o 1 - 0.147 (10.06)P2(cos 9)

+ 0.027 (iQ;OS)Pé(cos 8). The Ao values for all thevother
deéays were found from the 55° run only,vdug to the stati-
stics of the experiment.

The decay scheme foudd, together with the branching
ratios, is shown in Fig. 17. Thevmost importanp-feature of
“this decay scheme is the reassignment éf the previbusly
thought Res. =+ 5.23 Mev - 1.37 Mev cascade, to the Res. =
8.87 Mev » 1.37 Mev caécade; The primary and secondary of
this cascade hadlpreviously been cbnfused due to the .poor
resolution of Nal detectors. Also, a weak 5.87 Mev > 4.24
~ Mev transition was seen that had not been reported preViduély.
From branching ratio work, the Res. = 7.75 Mev = i.37 Mev
cascade was found to be a 100% cascade to within 20%.

Apart from the above cases the decay scheme agreed
. with that shown in Endt and Van der Leun (1967), although
some of the weaker secondaries were not séen due to the

statistics of the expériment.



Transition

Res. » 4.24 Mev
Res. - 8.87 Mev

Res. » 1.37 Mev

Res. > 7.75 Mev

65'

Texp lszé lexp
CT(EL) T (M1) T(E2)
7.5 x 10 3
5.7 x 10!
5.4 x }0_5
1.5 x 1073 4.2 x 1072 1.0 x 107

TABLE 8: Comparison to Single Particle Estimates
for the 1020 Kev Resonance.
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‘The gamma transition width of this resonance was
found by comparing its gamma.ray yield to that of the 987
Kev resonance. A NaCl target of about 25 Kev thicknesé at
Ep v 1 Mev was used in the comparison experiment. This en-
sured‘that the step in the thick target yield curve of the
1020 Kev resonance would be within 10% of Y(») for that re-
sonance. As might be expécted, the gamma ray yield from the
987 ng resonance, using the above target, was found to be
the same, within statistical‘errors, as that from the 987
Ke§ resonance using the'targét ﬁreviously used for finding
~the gamma trahéition_width of the 987 Kev resonance., This
meant that the gamma ray &ieid from the 1020 Kev resonance
could be compared directly to that from the 512 Kev resonance.
" The mast intense transition in each feéonance was used ig-the
calculation.

It was found that for this resonance Ty = 3.79
(¢0.8)ev. ‘From this figure and the branching ratios found
in this experiment, the partial gamma ray widths of the trans-
ition from the resonance were found and comp;red to Sinéle 
Particle Estimates. These reduced transition strengths are
shown in Table 8. ‘

It éhould be pointed out that the spin and parity of
the 8.87 Mev level has been found very recenfly, (Mabey,
1968), to be 2~ . The angular distribution and the partial

reduced gamma width for the Res. > 8.87 Mev show nothing to
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Transition Number Transition

1 - 1.37 Mev » g.s.
2 ﬁ.24 Mev + 1.37 Mev
3 - rResl + 8.65 Mev
4 | 4.24 Mev > g.s.
5 ‘ Res. » 8.44 Mev.
6 8.65 Mev » 4.24 Mev
o7 Ey = 5.07 Mev
8‘“ ‘ Ey = 6.38 Me§
9 C ‘ 8.65 Mev » 1.37 Mev
10 . 7..75 Mev > g.s.
11 . 8.44 Mev > g.8.
12 ~ Res. - 4.24 Mev
13 : 2 s ‘Res. + 1.37 Mev
14 o - ' ‘Res;v+ g.5.
15 : | EYk¥ 1.63 Mev from Na23

(p,a)Ne20 reaction

TABLE 9: 1Identification of the peaks in the Ge(Li)
Spectrum for the 1174 Kev Resonance.
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doubt this assighment.

(iv) Ep = 1174 Kev Resonance.

A NaCl target of about 5 Kevy thickness at Ep »

1 Mev was used to investigate this resonance. With a target
of this thickness the contribution from the 1163 Kev re-
sonance should be negligible.

Gamma ray spectra from the Ge(Li) counter were ob~
tained at‘0°, 55°, .and 90°. The 55° run is shown in Fig.

18 and the identification of the peaks is explained in Table
9. fhis represents a run of about 2 hours duration at a
proton current of around 5 microamps.

The decay scheme was found in a similar way to that
for the 1020 Kev resonance.

For fhe branching ratio work, the Ao values for all
the transitions were found from theA55° run.

The deéay scheme, together with branching ratios; is
shown in Fig. 19. The improyement of this decay scheme Ovef‘
what was previously found is a prime example of the advan-
tage of using Ge(Li) detectors, | |

Firstly, the cascade of the.Res. + 5.23 Mev -+ 1.37
Mev had previously been confused with the Res. > 8.65 Mey
+ 1.37 Mev caséade and partly with the Res. = 8.44 > g.s.
cascade.

Secondly, the Res. > 7.75 Mev » 1.37 Mevbcascade‘re—

-quires exactly the same gamma ray energies as the Res. =+ 6.44
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Mev - 1.37 Mev cascade, ﬁamely, 6.38 Mev and 5.07 Mev.
Some confusion arises here as to whether one, or the other,
or both cascades are present; The existance of a 7.75 Mev
> . g.5. traﬁsition indicates that at least the Res. = 7.75 Mev
transition is taking place. No 6.44 Mev » 4.24 Mev transi-
tion is seen but this is not unreasonable considering the
statistics of the experiment. This anomally could not be
cleared up by observing the Doppler shift of the gamma rays
at 0°, as the energies of both gamma rays were.shifted by
apﬁroximately equal pfoportions.

The Ao values, corrected for efficiency, for the 6.38

Mev, 5.07 Mev and 7.75 Mev gamma rays are shown below:-

Gamna Energy (Mev) - Ao
5.07 174 (*24)
6.38 168 (£23)
7.75 : 23 (*8)

It can be seen from these figures and from thé branch-
ing ratios found at the 1020 Kev resonance, that most of the
above gamma rays aré involved in the Res. + 7.75 Mev + 1.37
Mev cascade but the pqssibility of>the Res. = 6.44 Mev =~
1.37 Mev casgade cannot Be excluded.

Thé gamma transitioﬁ wiath for this resonance was found
in.an exactiy similar way and-with &he same target .as that
for the 1020 Kev resonance. The only differencekwas that

the Res. »> 4.24 Mev transition of the 1174 Kev resonance was


http:existance.of

If

If

Transition

Résf > g.
Res. = 4,
Res. ~» 1.
Res. - 8.
Res. - 8.
Res. - 7.

Res. -+ 6.

TABLE 10:

24

37

65

44

75

44

Mev
Mev
Mev
Mev
Mev

Mev

Texp
T(E1)

2.8 x 10 3

7.8 x 10 3

l'exp
I'(M1)

5 x 101

Comparison to Single Particle Estimates
for the 1174 Kev Resonance.

72,
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Transition Number . Transition
1 1.37 Mev = g.s.
2 Res. - 1.37 Mev
3 Res. » g.s.
4 Ey = 1.63 Mev from
Na23 (p,a)Ne20 reaction
TABLE 11: 1Identification of the peaks in the Ge(Li)

Spectrum for the 1318 Kev Resomnance.
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used in the calculation. The Res. - g.s} transition was

not used in case any gamnma rayé were included from the same
transitibn in the 1163 Kev resonance. It was found that for
this resonance Ty = 4.67 (£1.12)ev. ‘From this figure, and
the branching ratios, the partial gamﬁa widths for the
transitions from the resomnance were fﬁund and_compared to
Single Particle Estimates. These reduced widths are shown in

Table 10.

(§) Ep = 1318 Kev’Resonance.

fhis rééonanCe was studied with a NaOH target of
around 5 Kev thickness at Ep N1 Mev. Gamma ray spectra
were obtained at 0°, 55°, and 90°3 The 55° run is shown in
Fig. 20, and the identification gf the peaks 1is explained .
in Table 11, This represents a run of 2 hou?s duration at |
é proton current of around 2 miéroamps.

The decay scheme was found in the usual‘manner. 

For the branching ratio work the normalization between
runs was achieved usiﬁg the readings from the 'greater than
2 Mev" gaté. The Ao value for the Res., =+ 1.37 transition was
found from the angular disfribﬁtion of the gamma rays con;
cerned. This angular distribqtioﬁ was W(6) o 1 - 0.298
(+0.3)P,(cos 8) + 0.007 (:0.25)P,(cos 6). Also for Ge(Li)
effiéiepcy_burve_work, the angular'distribution of the 1.37
Mev - g.s. was féund. This-angular distribution waé W({e) o

1 - 0.155 (to.,oe)Pz(c'os e) + 0.08 (#*0.07)P, (cos 8). The Ao
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Transition

Spin 1

Res. 1337 Mev

Res.'+ g.5.
Spin 2

;R_+ 1.37 Mev

R »> g.s.

TABLE 12:

1.7 x 102

1.1 x 10 3

Texp

T (M1)
5 x 1071
3.2 x 10 2
3.1-x 1071

77.

'exp -
I'(E2)
2 x 10
6.4 x 10 1

Comparison to Single Particle Estimates
for the 1318 Kev Resonance.



CTS.«\0?

{e

‘7(\)3

— T T T ¥ T
S - \O \\ 2

\3 4 |

FIG. 22. Ge(Li) SPECTRUM FOR 1416KeV RESONANCE.

.81.



Transition Number Transition

1 1.37 Mev - g.é.

.2 4;12 Mev » 1.37 Mev
3 Res. =+ 9.46 Mev

4 5.23 Mev > 1.37 Mev
5. 6.00 Mev > 1.37 Mev
6 Res. > 6.00 Mev
7 Res, > 5.23 Mev
8 9.46 Mev > 1.37 Mev
9 . Res. =+ 4,12 Meﬁ

‘10 Ey = 1.63 Mey from Na23

" TABLE 13:

(p,a) Ne20 reaction

Identification of the peaks in the Ge(Li)
Spectrum for the 1416 Kev Resonance.
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.value for the Res. = g.s. transition was found from the 55°
run only.

The decay scheme, together with the branching ratios,
is shown in Fig. 21, These figures agree almost'exactly'witb
those shown in Endt and Van der Leun (1967).

The gamma transition width for this resonance was
found in an. exactly similar Qay, and with the same target,
as that useé for the 1020 Kev resonance. It was found that
for the lBLé Kev resonance Ty = l7.i (0.43)ev- if spin 1 was
uséd for the resonance, and Ty = 10.3 (*0.26)ev if spin 2 was
used for the resonance.  From thesevfigures and from the
branchihg ratios found, the ﬁartial gamma widths of the trans-
itions from the resonance were found and compared to Single
"Particle Estimates. The reduced stréngths are shown in iable
12. It‘can be seen that these reduced strengths in nd way
contradict the possible $pin‘valﬁes of 17, l+ or 2+ fbr the

resonance.

(vi) Ep = 1416 Kevw Resonance.:

This resonance was s£udied with a NaOH tafget of
ar0und 5 Kev thickness at Ep n l‘Mev. Gamma ray spectra ‘were
measufed on the Ge(Li) counter at 0°, 55°, and 90°. The 55¢
run is shown in Fig. 22 anditﬁe identification of the peaks
is explained'in Table i3. This represents a run of about
3 ﬁours du?atiﬁﬁ aﬁ a pféton éufrenf of.afbuna 3'ﬁinoamps.'

The decay scheme was found in the usual manner.

For the branching ratio work the normalization between
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runs weré accomplished with the readings from the "greater
than 2 Mev" gate. The Ao values for all the gamma rays in
the Res. =+ 4.12 Mev~> 1.37 Mev - g.s. cascade were found

from angular distributions of the gamma rays concerned.

" The angular distributions found_were as follows:-

Transition ) Angular Distribution

Res. =+ 4,12 Mev W(8) a 1 + 0.478 (i0.24)P2(cos 9)
4+ 0.15 (iO.Z)PA(cos 8)

4.12 Mev + 1.37 Mev W(0) o 1 + 0.406 (£0.12)P, (cos 8)

0.058 (10.15)P4(cos 0)

1.37 Mev > g.s. .o W(B) a 1 + 0.390 (i0.04)P2(cos 8)

’

0.057 (10.04)P4(cos 8)

The ratios of the Ao wvalues found in .this cascade
were used in aetermining points on the Ge(Li) efficieﬁcy
curve, as explained previously. The Res. = 4.12 Mev > 1.37
Mev cascade is known to be a 100% cascade and, originally,
95% of_fhe'1.37 Mev > g.s. transition was assumed to origi-

nate from the above cascade.’” This was based on figures from

"Endt and Van der Leun (1967). Fortunately, this 95% value

turned out to be correct but the remaining 5% of the 1.37 >
g.s., transition came from several'other sources apart from
the Res..+ 1.37 ﬁev transition shown in Endt and Van der Leun.

-The.Ao values for all the other gamma transitions in
the 1416 Kev resoﬁance were found from the 55° run only.

The decay scheme, together with the branching ratios,
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Texp Texp - Texp - Texp
r(er) T T(E2) T(M2)
6.2 x 1071
3.7 %x 1072 1.1 x 107} 2 x 103
| 1.5 x’lo 2
2.3 x 1072
2.5 x 1072

Comparison to Single Particle Estimates
for the 1416 Kev Resonance.
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is shown in Fig. 23. It is interesting to note the in-
clusion of several energy levels hitherto unseen in Nal
wqu, especially the 9.46 Mev level that has never been
seen before in (p,Y) work on Na23.

The gamma transition‘width of this resonance was not.
found iﬁ the present series of experiments. However, the
figure of Ty = 9.3 ev, given in Nordhagen,1964, was used,
together with the branching ratios found in the present experi~

ment, to find the partial gamma widths of the transitions

fféﬁ'fhé tesonance. These partidl gamma widths wére éompared

to Single Particle Estimates and the reduced tramsition

strengths are shown in Table 14.

Ollerheéd, et al, (1968), have shown that the only
possible spins‘for the 9.46 Mev level are 2 , 3+, ér 4,
From the reduced strengths shown in Table 14 it can be seen
that a spin of 2 for the 9.46 Mev level is extremely un-
likely, as this would mean that the Res. > 9.46 Mev 1is an
M2 transition, with abreduced stréﬁgth 6f 2 x lO3 Weisékopf

Units, whereas no M2 transition is known in the s-d shell

~with a reduced strength of greater than a few Weisskopf Units

(S.J. Skorka, 1966).

By studying the Doppler shift effect on a éécoudary
in a cascade it is possible to arrive at some conclusions
concerning the lifetime of the intefmediate‘state. To

illustrate this‘fact, it was found that thev9.46 Mev -
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1.37‘Mev transition, seen in the 1416 Kev resonance, ex-
hibited essentially the full possible Doppler shift., It
was, therefore, possible by considering the time taken for
the Mgz4 ﬁucleus to slow down in the target material, to
place an upper limit on the lifgtime of the 9.46 Mev level

13 secs, (Blaugrund, 1966). This, in turn,

gave a level width of greater than 6.6 x 10_3kev. Using

of about 10

this figure, and apprdximate branéhing‘ratios found from the
‘work by Ollérhead et al (1968), the feduced strength of the
9.46 Mev > 1.37 Mev transition was found tb be greater than
1.4 Weisskopf Units, if the spin of the 9.46 Mev level were
4~ ., 1In the above case the 9.46 Mev - 1.37 Mev transition
would be an M2 transition, and, as has been previously stated;
no M2 transition has been seen in the s-d éhéll Wi£h a re; |
duced strength of greater than a Weisskopf Unit. Although

the above argumentkdoes not éntirely exclude the péssibility
of spiﬁ 4" for the 9.46:Mev level, the evidence for its ex-
clusionbis.quite strong. Thus, the e&idence tends to favour

an assignment of 3+ for the 9.46 Mev level.

3.3 Conclusion

From the studies reported in this thesis, several er-
rors have been found iq thé decay schemes previously measured
with Nal detecto;s.v These errors involved either the rever-
sal of the primary and éeqondary of a particular cascade,

or the exclusion of weak transitions, The correction of
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these errors was made possible due to the much increased
resolution of Ge(Li) detectors over Nal detectors.
The branching ratio data found for the above decay .
schemes aéreed quite well with that found from previous work.
In the reduced strength.analysis the typical value

1 10—2

for an M1 transition seems to be aroﬁnd 10°
Weisskopf Units. This is a typical walue for nuclei in this
mass region; (Wilkinson,>1960). Very few E1 transitions

‘were seen but the typical value of those that were observed

3, 10-4 Weisskopf Units. - These values are

was around,lO-
slightly weaker than those generally observed in this mass
fegion.

From Doppler shift analysis a possible spin of 3+
has been proposed for the 9.46 Mev level. :Althdugh no de-
tailed work hés as yet'been done on this Doppler shift

analysis, it is felt that this could prove a useful tool for

assigning or limiting the spins of certain levels.
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