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CHAPTER 1 


INTRODUCTION 

1.1 Gen.era! 

There is a region in the centre of the s-d shell 

(A = 16 to 40) around A = 19 to 31, in whic,h the ·e·nergy 

levels of most riuclei show definite collective properties. 

24It has been shown (Ollerhead, 1968) that Mg is one of12

the.se nuclei and possesses definite rotation.al all.;d v:lht:at­

ional collective effects in its energy levels. 

24Due to the fact that Mg is well cle·ar of any12

shell closures, it might be expected that its properties 

will not be explained by simple shell model theory. In 

particular, the reduced gamma radiation widths of its levels 

are expected to be well below single particle estimates 

except, possibly, in the case of an electric quadrupole 

transition in a rotational band where considerable enhance­

ment may occur. 

Much work has been done in studying the properties 

24of Mg , a summary of which can be found in Endt and Van12

der Leun, 1967. A large amount of this work has been carried 

. N 23out us i ng t h e proton capture reaction on a , and the11 

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

24
ratios and transition widths of Mg . are conc~rned are12

1. 
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E (Kev)p E (Mev)
x 

f(Kev) 
y 

(2J+l)r r /f (in . p x 

pl CL 
0 

ev) 

CLl 
r /r

p 

250.9 11.934 <0.02 0.005 <0.01 

308.9 11. 990 <0.02 2. 2 <0.01 0.3 

374.3 12.052 <0.02 0.05 0.03 

512.1 12.185 <0.05 1. 8 <0.2 <0.02 

591.6 12.261 0.64 330 0.8 0.9 

592.0 12.261 <0.06 1. 7 

676.7 12.342 <0.07 5.6 <0.4 <0.06 

738.9 12.402 <0.09 1. 3 0.3 <1. l • 1.6 

743.8 12.407 <O.l 1. 6 0.3 70 0.35 

872.4 12.530 7. 5 9. 6 0.2 <1.6 ~0.9 

987.0 12.640 <0.4 4. 5 0.2 <1.6 

1010.0 12.662 0.4 <0.9 10 + 110 

1020.4 12.671 5.0 14 130 31 0.9 

1163.3 12.809. 1. 2 2. 9 26 + .3JO 

1173.8 12.819 3. ·4 13 18 22 0.7 

1204.+ 12.848 0.3 1.0 5.4 3.5 

1210.0 12.854 0.4 <0.8 19 190 0.7 

1254.0 12.896 0.4 1. 2. 14 310 0.5 

1283.6 12.924 5. 2 7. 2 2200 + 31 >0.9 

1318.3 12.957 1. 4 53 36 61 

1327.5 12.966 2. 7 <0.2 1200 690 

1394.4 13.030 0.7 24 230 27 0.7 

1416.8 13.052 <0.2 42 100 + 68 

1458.0 13.091 7 :5 12 3750 + 340 0.9 

. t. W. d h f N 23 + RTABLE I: Transi ion 1 t s or a . p esonances11 

'. 
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Anderson (1961), Glaudemans and Endt (1962), Prosser (1962), 

Nordhagen (1964), and Mourad (1967). 

Excluding the work contained in this.thesis, an 

energy level scheme of the work completed at present on 

23 24 
11Na (p,y) 12 Mg , 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 ~ointed out that until now all 

23 24 
11 Na (p,y)l 2Mg. work has been carried out with NaI(Tl) de­

tee tors. It was, therefore, proposed that a study of some 

23 24of the resonances in 11 Na (p,y) Mg reaction be made with12

available semiconductor, ~e(Li), counters, with the object of 

checking existing data on decay schemes, branching ratios 

~and gamma transition widths, with th~ much increased re- . 

solution possible with these detectors. 

This study was made between incident proton energies, 

Ep, of 0.5 Mev and 1.8 Mev on the KN Van de Graaff accelera­

tor of the Ontario Cancer Institute in Toronto. The Q-value 

of the reaction being 11.69 Mev, this range of proton ener­

24
gies excites energy levels in Mg from Ex= 12.17 Mev to12

13.42 Mev. 



CHAPTER 2 


EXPERIMENTAL METHODS 


2.1 Experimental considerations 

(i) Introduction 

The proton capture experiments discussed in this 

thesis were carried out using a High-Voltage Engineering 

Corporation, Model KN, Van de Graaf£, capable of g~ving a 

beam of protons up to energies around 3 Mev. Energy stabi­

lization of the ion beam was accomplished by 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 ~roton beam,·at the target, 

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", leadi?g to the detection of lower inten­

sity radiation than would have been possible without this 

... 
shielditig. 

5 . 
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The Ge(Li) detector used had an effective volume of 

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

The Nal(Tl) detector used was a 5" by 4" crystal. 

(ii) Geometry considerations. 

The geometrical layout of the experiment is shown Ln 

Fig. 2. The Ge(Li) counter was allowed to move in the hori­

zontal plane through an angle, e, from 0° to 90°, with res­

pect to the beam axis, while the NaI(Tl) counter remained 

at.a fixed angle at all times. The target was placed at 45 6 

to the beam so that gamma-rays from the reaction would pass 

through ~ minimum of targ~t backing before reaching the 

Ge(Li) and NaI counters. The target chamber was so con~ 

structed that water cooling could be applied directly to·the 

base of the target. In this experiment targets were used 

that evaporated at fairly low tempe~atures, 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 that the detectors 

were at the same horizontal level as th~ beam at all times~ 

Further, it was ensured that the Ge(Li) counter remained the 

same distance from the target chamber wall at all angles of' 6. 
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Therefor~, prpvided that the beam spot diameter was kept 

small compared to the detector size, e.g. about 1/8 inch 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 

23Na can result in three reactions:­11


; ·q = +11.693 Mev 


Q +2.379 Mev 

Q = 0 

23 20The Na (p,a,y) Ne reaction is· characterised by
11 10

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

20 23 23Ne , and the Na (p,p I ,y) Na reaction is characterised
10 11 11


by a strong 0.44 Mev gamma ray from the first excited state 


23 d
of Na • As will be seen later we are not intereste to11

23 23 
any great extent in the Na (p,p f ,y) Na reaction, but we

11 11

. d • f" h N 23 ( ) N 20 . .
are intereste to see 1_ t e a p,a,y e reaction is

11 10 
23 24 a competing process at a 11 Na (p,y) Mg resonance. There­12

fore, the gamma ray spectrum from the 5" x 4" Nal(Tl) crystal 

was fed into two separate, single channel analyzers, the 

gate of ·one being set to ~ece~ve only pulses corresponding 

to 1.63 Mev gamma rays, and the gate of the other being set 
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to rece~ve all pulses corresponding to gamma rays of great­

er than 2 Mev . The "1.63 Mev" gate will obviously enable 

. 1 h 23(. ) 20 h"lus to see main y t e Na ,p,a,y Ne reaction, w i e11 10

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 

up using gamma rays of known energy, e.g. the 1.17 Mev and 

60
the 1.33 Mev gamma rays from Co : 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 pulses passed through the set gate. 

The setting on the pulse generator was then normalized to 

the energy of ~hichever gamma ray was being used, withbut 

varying the output pulse 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 ofa SKIPP 

6400 multichannel analyzer. With the gain of the system 

set ·srich th~t the ~ultichannel analyzer would display a 

spectrum containing all possible gamma ray energies from the 
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(p,y) 	rea~tions, from approximately 0.5 Mev upwards, the. 
energy 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 35 36 ;from c1 (p,y) 18Ar and c1 (p,y) Ar reactions17 17 18

whose Q-values are 10.243 Mev and 8.506 Mev respectively. 

NaOH targets were then tried and found to be extremely clean 

of all reactions except those involving sodium. 

As it was impossible at the time to produce self-

supporting targets of the above substances, it was necessary 

to form them on a rigid backing.· This backing must be thin 

to avoid any gamma ray absorption 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 up to an energy of 

around 1 Mev when the background increased sharply due to 

63 64 65 66 . 
29 cu (p,y) 30 zn and 29 cu (p,y) 30 zn reactions. Currents 

of around 7 microamps could be used on these backings with­
... 

out noticable targ~t deterioration. 

Tantalum backings of the same thickness were th~n 
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tried and found to be free from excessive background over 

the whole of the energy range used. However, the current 

possible was 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 ~wo pieces 

of 1/16 inch copper sheet, as shown in Fig. 3. Th~ gold was 

used because it has the low background property of tantalum 

with quite a bit better conductivity, together with the fact 

that it is soft and will make a good thermal contact with 

the copper supports that are clamping it. The copper sup­

ports provide a much more efficient way 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 currents around 20-25 microamps could be used without 

excessive damage being done to the target. 

However, due to the large amount of copper being ex­

posed to possible stray beam, a tantalum beam stop, with a 

3/16 inch hole, 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 ptitting about 100 volts, 

negative with respect to the target on it. 



13. 


TJ\RG-E\ 
Bf\CK\NG- \" SQ. 

~~. 

-----~­

\~II 
..Tf\R\:s-ET 

. M~:TER\~L---­
I u 
4 

Tf\NT~LUNI ~­
,!30/\T . 

FIG.4. TARGET EVAPORATION GEOMETRY. 




14. 


(~) T~rget and backing preparation. 

The copper backings were prepared by first buffing 

on a workshop buff with fine jewellers polish, and then 

cleaning in acetone and distilled water. 

The tantalum backings were prepared by just washing 

in acetone and then distilled 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 prepared by evaporation 

of a certain amount of the substance concerned onto the tar­

get backing, in vacuo. The geometry used is shown in Fig. 4. 

It was found that a target of thickness about 40 micrograms 

per sq. cm. could be made by evaporating about .5 milligra:ms 

of either NaOH or NaCl in the above geometry. This is an 

energy thickness of around. 5 Kev for protons of about 1 Mev. 

For high ~urrent targets a layer of gold of about 

one half the thickness of the target was deposited on the 

top of the target. This was thought to help stop deteriora­

tion of the target and indeed seemed to be an improvement 

on targets without this gold surface. 

Both NaCl and NaOH targets were prone to absorbing 

water if left in the atmosphere for any length of time, The 

effects ori NaCl of water absorption were 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 

.s 987 

6 1010 

7 1020 

8 1163 

9 1174 

10 1204 

11 ·1210 

12 1254 

·13 1284 

14 1318 

15 1328 

16 1394 

17 1417• 

18 1458 

19 1720 

23 24TABLE 2: Identification of Na (p,y) Mg Resonances11 12
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targets had to be handled w~th extreme care so as not to ex­

pose them to the atmosphere for too long. This handling 

involved lettiqg the vacuum evaporating system 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 target was in an evacuated des.icator. 

2.2 Yield curve considerations 

In the in~tial 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 Mev to Ep = 1.8 Mev. This was in order to find the 

23 24 resonances and the contribution to these·llNa (p,y)l2Mg 

23 20 . resonances from the 11 Na (p,a,y) 10Ne . reaction: 

Yield curves were obtained for both NaCl arid NaOH' 

targets. 'The yield curves from the "greater than 2 Mev 11 

gate for NaCl and NaOH are shown in Fig. 5 and Fig. 6 res­

pectively. A yield curve from the "1.63 Mev" gate, when a 

NaOH target was used, is shown 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 numbers are explained in Table 2. The energy thick­

ness of the targets used for these yield curves was around 
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5 Kev at Ep ~ 1 Mev. 

2.3 Procedure for finding decay schemes 

For finding the decay scheme of a particular reson­

ance, gamma ray spect~a 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 nucleus takes to slow down, then the energies of the 

gamma rays observed at 0° to the beam direction will show a 

significant· increase in energy over the true gamma ray energy. 

This is due to the Doppler shift effect of a gamma ray being 

emitted from a moving nucleus. Of course, no Doppler shift 

will be seen at 90° to the beam direction. 

It should be pointed out that with the hig? excita­

tion energies achieved in this reaction, it is reasonable 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 will be seen from a su~sequent 

section on measurements 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 stu4y only 

the resonances with the largest gamma ray yields, it is 

most probable that the energies of the primary gamma rays 

from the resonances will exhibit the full Doppler shift. 
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Subsequent decays in the cascades from these resonances may 

or may not exhibit Doppler shift effects. The magnitude 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, typical 

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 while 

the 0° run served to detect the primary gamma rays in some 

cases. The energies of the peaks in the 90° spectrum will 

be given by Ey = A(x + B): where Ey is the energy deposited 

in the detector, A is the dispersion of the analyzer, i.e • 

.·Kev/ch., A.B is the energy corresponding to channel zero,· 

and x represents the analyzer channel number. A and B are 

constants in this equation. 

Values of A were found at many points in the spectrum 

from the fact that the 2nd escape and 1st escape, and 1st es­

cape and full energy peaks, of any particular incident gamma 

ray, are separated by exactly 511 Kev. By knowing the number 

of chahnels separating these peaks, A can be found. From 

these values of A an average value of A was est~mated so as 

to cover the whole of the spectrum. Knowing A and using the 

accurately known full en~rgy peak of the 1.3~~ Me~ gamma ray 

in the spectra as a standard, the energies of all the other 
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peaks in the spectrum were found by using the formula men­

tioned earlier in this section. 

In cases where a definite non-linearity 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 th~ peaks concerned must be known accura­

tely. For this reason the centroid of each pe~k was found 

using the formula:­

r ch. nos. x counts
Centroid = 

r counts 

This technique allowed the finding of th~ channel 

~number of a peak, in a typical case,· to about l/lO~h of a. 

channel. 

In order to facilitate calculations and not to have 

to work o~t the energy of every single peak in the s~ectrum, 

the full energy, 1st escape and 2nd escape peaks for each 

particular gamma ray were identified and the energy of the 

largest of these three peaks was found. The necessary car­

rection was then made in order to give the full energy of 

the gamma ray concerned. 

Once the full energy values for all the gamma rays 

were known~ these were fitted to a dec~y sche~e by requiring 

that the sum of the gamma ray energies in a particular 
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casc~de b~ equal to the reson~nce energy. After a plausible 

decay scheme had been found the dispersion, A, was altered 

slightly, if necessary, to give the maximum self-c-0nsistency 

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 the 

above technique, the intensities of the gamma rays in each 

proposed cascade weie 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 ~ngle e, with resp~ct to the 

beam axis, is given· by the expression:­

W(8) = r An Pn (cos 8)
n 

· where the summation is only -0ver even values of n. 

Now if this expression is integrated over 4n solid 

angle, we obtaip:­

(J Ce) constant x Ao 
4nr 

It can be seen, therefore, that Ao will be proper~ 

tional to the total number of gamma rays occuring in that 

transition, during the time taken to run the _experiment. 

There is, however, a correction in the above equation 
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due to th~ 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(6) E Qn An Pn (cos 6)
n 

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 b~ set to unity as 
~ 
Ao does 

not depend on any angular effects. 

If, therefore, the Ao coefficients could be found for 

all the observed transitions from a particular energy level, 

then, by a relative compariso~ of these values, the branch­

ing ratios of the gamma rays from that particulir level c6uld 

be found. 

Of course, there would have to be a correction made 

to each Ao value for the efficiency of that particular energy 

gamma ray in the detector used. For this reason some time 

was spent on producing a relative efficiency curve for the 

40 cu. cm. Ge(Li) counter used in these experiments. De­

tails of the production of this relative efficiency curve 

will be given in a later section. 

In order to find the Ao value for any particular 

gamma ray transition, it was decided to recoid Ge(Li) Spectra, 

from the resonanc~ concerned~ at several different angles of 
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.a, and then l.ea.st s.qu.ares fit the intensity of the parti"" 

cular gamma ray at each angle to the Legendre_ Polynomial 

expanaion mention~d at the beginning of this section. 1t 

was assumed that no higher multipole radiation than quadru­

pole would be present in any gamma ray transition and, there­

fore, the fit only included terms up to n = 4 in the 

expansion. 

Before the spectra, obtained at the various angles 

of e, for the resonance conce~ned, can be used in a relative 

calculation there is a question of no~malizing each run to 

a common incident proton number~ This normalization was ini­

tially performed by using the total counts appearing on the 

scalar registering the pulses from the Nal(Tl) crystal pass­

ing through the "greater than 2 Mev" gate during the time of 

the particular run. -It was assumed that the number of inci­

dent protons would be directly proportional to this scalar 

count. This assumes that the height of the yield ·curve over 

the resonance in question and the background contribution to 

this yield curve remains constant over the time taken to per­

form the series of runs at all angles. This was checked by 

plotting yield curves over the particu1ar resonance at regular 

~ntervals during the runs. However, inaccuracies could arise 

in this method of normalization if the gain of the NaI(Tl) 

system fluctuated during 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~ 

tion becomes quite inaccurate. To ensure an accurate norma­

lization for these experiments it was decided ta 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(Tl) spectrum. Due to the poor resolution of 

NaI(Tl), the area under each peak concerned was found by cal~ 

culating the centroid of the peak, as explained previous1y, 

and then summing the counts in a fixed number of channels 

either side of the centroid. It was necessary to correct 

this number of channels from spectrum to spectrum if the gain 

of the system changed appreciably between runs. Subtraction 

of background proved unnecessary as the normalization co~ 

efficients 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(Lil spectrum 

at each angle used, will be equal to the relative areas 

under the 2nd escape, 1st escape, or full energy peak of that 

particular gamma ray. Obviously for the best statistics, the 

largest of these three peaks was used to find the angular 

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 f~om this total the background contribution to 

the peak. Gen~rally, the level of the backgr6und 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 

directly under the peak. In this case the errors on these 

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

Al= 	[Var{ance (YIELD)]l/Z 

[Variance (TOTAL COUNTS - BACKGROUND COUNTS}]l/Z 

[Variance (TOTAL CQUNTS) +Variance (BACKGROUND)]l/Z 

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

[YIELD +.2 BACKGROUND]l/Z 

In some cases, however, it was quite difficult to 

assess the level of the background. In these cases an intel­

ligent guess was applied and a corresponding possible error on 

this guess was included into the final calculation. 

The Ao values found from the above caiculations are 

just those of the 2nd escap~, 1st escape or full energy 

peaks, .whichever was used to find the angular distributioris 

of the incident gamma ray concerned, Therefore, the cor­

rection for the efficiency of the Ge(Li) counter must be ob­

tained from the appropriate relative efficiency c~rve, e.g. 

the 2nd escape, 1st escape, or full energy curve, as shown 
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In cases of weak transitions where statistical er­

rors are quite large, the Ao values for a particular trans­

ition may be found from the areas under the peaks in the 

55° spectrum only. This is because P (cos 55°) = 0 and it
2 

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 mentioned, there is a neces­

sity to know the relative efficiency curve of the Ge(Li) 

detector used in these experiments. The relative efficiency 

curve can be found by three main methods: 

(a) 	 By using known radioactive sources of 

known strengths. 

(b) 	 By a relative calibration from a known 

efficiency curve of another detector. 

(c) 	 By using a 100% or near 100% gamma ray 

cascade from a known nucleus. 

Only the last two methods were employed with the 

above detector. These two methods are described below:~ 

(b) In this method the counter with the known ef­

ficiency was placed at, say, 8 = 90° in the same geometry as 

was used previously. The counter of the unknown efficiency 

was placed at e = 0°. These two counters then recorded 
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simultaneously the gamma ray spectrum from a known reaction, 

23 24in 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:-

Nl (0°)N	 (90°)1 
N ( 0 ° ) N -( 9 0 ° )

2 2

where: 

= Nos. of cts. in a certain peak in the 

spectrum from counter 1 at 0°. 

Nos. of cts. in the same peak in the 

spectrum from counter 1 at 90°. 

= Nos. of cts. in the same peak in the 

spectrum from counter 2 at 0°. 

Nos. of cts. in the same peak in the 

spectrum from counter 2 at 90°. 

El = 	 efficiency of counter 1 for the peak 

concerned. 

efficiency of counter 2 for the peak 

concerned. 

The peak concerned can be a 2nd escape, 1st escape 

or full energy peak. 

This technique, then, nullifies all angular effects 

of the gamma rays and also the different finite sizes of 
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the detectors. 

The counter of known efficiency was a. 23 cc Ge(Li) 

counter and the points on the efficiency curve found from 

th~s method are at gamma ray energies of 1.37 Mev, 1.63 Mev, 

2.86 Mev, 3.81 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) In this method, if a cascade is known to be a 

100% cascade, then by tHe angular distribution·means ex­
' 

plained previously, the Ao value for each gamma ray in the 

cascade can be found and com~ared. Obviously the Ao values 

should be equal apart from the efficiency of the detector 

used in the experiment. 

A cascade of this type occurs in the 1318 Kev re~ 

23 24 - . 
sonance in· the Na (py)Mg reac~ion. The cascade is the 

Res.+ 1.37 +g.s. and this, therefore, will give a rel~tive 

energy efficiency between the 11.59 Mev and l'.37 Mev gamma 

rays. 

A similar cascade is the 1416 Kev resonance also in 

23 24Na (py)Mg • This cascade is the Res.+ 4.12+ 1.37 +g.s. 

Now, the Res. +4.12 +1.37 cascade is known to be a 100% but 

the 1.37 Mev level is also fed in small amounts from other 

levels than the 4.12 Mev. However, this effect can be al~ 

lowed for as will be sho~n in the section go~ernirig the study 

of this resonance. This cascade, therefore, yields a 
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relativ'e efficiency between the 8.93 Mev, 2.75 Kav and. 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 

previous technique. 

The efficiency curve obtained from the above techni­

ques is $howft in Fig. 8 and is fairly accurate except in the 

region from 4.5 to 7 Mev. However, it was found that very 

few gamma rays of this energy were seen, and those that were 

seen were quite weak, and, therefore, accuracy was rtot so 

important in these cases. 

2.6 Procedures for finding gamma transition widths 

(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) :­

21/4 r 
2 2

(E-ER) + 1/4 r 

'= 24ir wywhere = r 

(2Jl + 1) 
where wy = (2il + 1)(2Io + 1) 
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The explanation of the terms in the above equation are as 

follows:­

E laboratory energy of the input particle 

observed resonance energyER 

r = total observed resonance width 

= sum of the widths for all the possible 

decay channels of the resonance 

= the sum· of the widths of the observedrl 

formation channels of the resonance 

r2 = the sum of the widths of the observed 

decay channels of the resonance 

Jl spin of the resonance level 

il = spin of the input particle 

Io = spin of the target nucleus 

and '""" . 
Ma + Mx 

Mx 

ti 

J2MaE 

where 	 Ma mass of incident particle 

Mx mass of target nucleus 

In this resonance formula the term o( interest is 

wy, or the so-called 'resonance strength'. In the case of 

23 24 .the Na (p,y)Mg reaction, this would be written as:­

(2Jl + 1) r ry 
~ wy = (2i + 1)(2Io + 1) r

1 

Th~s 'resonance strength' can be cal~ulated exper{­

mentally from the yield curve over the resonance in question. 
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Row.av.er, before attempting to de.riv.e. the_ fo.ml.l.la.e l';,elat:f,ng 

the yield curve 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 fiux of particles 

of energy E >>ER are incident on a target of energy thick­

ness t >E and >>f 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 through the tar­

get they lose energy by various types of collisions and at 

some stage their energy will pass into and through the 

energy range where the probability of a reaction of the type 

under study will become significant. The probability is ob~ 

viously governed by the Breit- Wigner cross-section formula 

for the resonance under study. If, now, a plot were made of 

the number of reactions of the type under study 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 has been normalized to unity. The curve 

would have a Breit - Wigner shape with a FWRM equal to the 

r of the resonance under study. This curve will only re~ 

sult if the number of reactions of the type being studied is 

mu6h less than the incident proton number. This is an 

http:Row.av.er
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extreme~y good approximation in the reaction being studied. 

By definition, cr(E) is the probability of a reac­

tion, (of the type being studied), per atom (in which the 

ireact on .is . )occuring , per 2cm per incident proton of energy 

E. 	 Consider now a thin element, width dE, in the above 

2 curve. The number of atoms per cm that the proton 'sees' 

when it passes through this energy range will be:­

dE 	 2
ator.18/cmk(E) 

where k(E) is the energy lost by the proton per atom (in 

h . h h . . . ) 2w ic t e reaction is occuring per cm . This is usually 

referred to as the atomic stopping cross-section of the ele­

ment concerned. 

It can now be seen that the number of· teactiohs, ·of 

the type under study, occuring in the energy range dE, at 

proton energy E, will be:­

= o(E)~ N 
k (E) 

where N = total number of protons incident on the target in 

the time T. 

Therefore, the total number of reactions of the 

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

be:-	 sY(m) • N a(E) d(E) 
k(Ef 
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00The justification in integrating from 0 to 

arises from the fact that the Breit - Wign·er curve i·s a 

rapidly decreasing function on either side of its maximum. 

To illustrate this fact consider ~he following figures for 

various target thicknesses and incident proton energies:­

l\i!J; g.e t th i c kn es s Inci4~. 
(t) 	 :eroton e.14.~r.~¥ 


(Eb) 


4or 	 + 2or 98.4%ER 

2or + !Of 96.8%ER 

1or + sr 93.6%ER 

sr + 2.sr 87.5%ER 

It should be noted that the figures are given for 

incident proton energies that give the proton energy, 

E = ER' at an energy depth of t/2 into the target. This is, 

of course, the incident proton energy that w~ll give the maxi­

mum 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 go?d approximation as the values of r are 

typically the order of a few Kev at most, and the k(E) value 

in the targets used vary by about 1% in 20 Kev at proton ener­

gies around 1 Mev. 

Consider now a target of energy ~hi~k~ess 4or f~r ex­

ample. If the incident pro~on energy is varied such that it 
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cove~s a range of energies from well below the resonance 

energy to well above it, and a plot made of the total num­

ber of interactions occuring at each incident energy vs. 

incident energy, then the curve shown in Fig. 10 will result. 

Obviously, the number of reactions occuring at each incident 

energy will be proportional to the area under that part of 

the curve shown 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 over the reson­

ance in question. The points on the curve shown are norma­

lized to the ~( 00 ) value for the r concerned. It can be seen 

from thi~ curve that the ~nergy of the resonance occurs h~lf-

way up the lower energy edge of the curve. It can also be 

seen that the height of the step in this curve is, to a go6d 

approximation, equal to Y(oo), Therefore, knowing the height 

of this step, then the resonance strength, wy, can be found. 

The fact that the yield curve shown in Fig. 10 does 

not look exactly like yield curves found by experi~ent is 

due to two main reasons. One reason is that in all the pre­

ceding arguments a mono-energetic beam of protons bas been 

used, whereas experimentally. there is always a finite energy 

spread in a beam of particles from a Van de Graeff accelera­

tor. The energy distribution in the beam is such that it 

can:b~ asi~med Gaussian, and, therefore, a rapidly varying 

function on either side of its maximum. This incident beam 
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energy s~read will alter the shape of the high and low 

energy edges of the yield curve. However, unless the beam 

energy spread together with r is appreciable compared to the 

target thickness, very little decrease in the height of the 

yield curve will result. The dotted line in Fig. 10 shows 

the effects on that particular yield curve of an incident 

beam energy s~read, AE (FWHM} = 4f. Even if AE = lOf, the 

hetght of this yield curve would decrease by less· than 1%. 

The second contribution to the difference between 

the theoretical and experimental yield curves is caused by 

the 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 the.yield curve much less 

than that of the low energy edge: As a typ·ic·al example, if 

r in the yield curve shown = 0.5 Kev, i.e. AE = 2 Kev and 

t = 20 Kev, then at an incident proton energy around 1 Mev 

on a target of Z - 12, the straggling effect would be that 

shown by the broken line in ~ig. 10 (H.E. Gove, 1959}. 

It can be seen, then, from the above arguments, that 

in order to get a step height in the experimental yield 

curve to within a few percent of Y(00 ), then certain conditions 

have to be met. These conditions are that t > 40f or> 4AEb 

whichever is the great~r, and providing these conditions 

are met' then effects on the step height of the yield curve 

due to straggling will not be appreciable in the proton energy 
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range used.· The condition that t > 4tiEb must be held to 

rigidly as the corrections involved if this is not true 

are very complex. However, if the other ~ondition is not 

o.h.eyed for some reason then the correction.s involved.. are 

quite straight-forward. 

The targets described up to now are known as 'thick' 

targets for the obvious reason that t >>r. In certain circum­

stances 'thin' targets, i.e. t <<f, can be used 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.!. Gove, 19~9):-

- n o(E)dEt 
2where n is the target thickness in atoms/cm . 

Obviously, if 6Eb <<t and t <<r, then the yield curve 

obtained would take on the Breit - Wigner shape of FWHM = r. 

If, however, 6Eb -· r then the yield curve shape and area un­

der the yield curve from the thin target would differ great­

ly from that predicted by thoery. As f!Eb of the Van de Graaff 

used was -1 Kev, and the largest r 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(co) = rr/2 , l/k . crRr 

2 (2J1 + 1) r ry
2rr 2 

-E........:..
= k ~ (2~ 1 + 1)(2Io +·l) r 
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Providing then, that Y(=) can be measured, and k and r /r
p 

known, fy can be found by the techniques described above. 

However, with targets made by evaporation techni­

ques, it cannot always be assumed that the 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 fy that involves knowing relative k-values instead 

of absolute values. In order to use this technique, an ab­

solute value of resonance strength for one of the resonances 

under study must be known.. The value of wy for the 511 Kev 

23 24 
resonance in Na (p,y) Mg has been found quite accur~

11 12

ately by Enkelbertink (1966) involving a standard wy known 

from a resonant absotption experiment. Enkelbertink had 

used, among others, a NaCl target and had found that the 

constituency of NaCl had not changed appreciably after evap­

oration. It was, therefore, proposed to use 'thick' NaCl 

targets for finding the fy's of various resonances and to 

use the wy of the 511 Kev resonance as the standard reson­

ance strength. 

For a relative calculation involving two resonances 

it can be written then that:­

Y ( ro) "2 k2 (2Jl + 1)1 = __!_---·­y 
2 

( ro) ;: 2 . kl . (2J2 f.1) 

. 2 


The values of (k /k ) were found from extensive
2 1
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. . 
work on stopping powers done by Whaling (1958). A graph 

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

(ii) Measurement of Y( 00 ). 

The value of Y(00 ) for a particular resortance may be 

found by counting the number of primary 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( 00 ) 

for any two resonances. These measurements were carried out 

by recording a Ge(Li) spectrum at 55° for both resonances 

concerned. The same targ~t was used· for studying both re­

sonances in order to ensure that the target was the same 

constituency for both resonances, and, therefore, the re­

lative stopping powers used would, most likely, be correct. 

In order to avoid excessive deterioration 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 5% statis­

tical error in the area of the most intense primary gamma 

ray peak in the spectrum, from the resonance concerned. 

Once the areas under the above peaks were known, 

the appropriate effi~iency corrections were applied in or­

der to find the relative Ao value for those particular gamma 

rays. It was not ·necessary to take into account angular 

distribution effects, due to the size of the statistical 
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errors involved. 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. 

Of course, the runs on the two resonances concerned 

must also be normalized to unit incident proton number. 

This was achieved by.measuring the total integrated current, 

i.e. total·chatge, collected on the target duiing the run on 

each resonance, and then normalizing each run to unit in­

cident charge. 

We have then that the ratio of the Y(00 ) values for 

two resonances is given in the formula:­

Y (oo)
1 

where:- = area under peak concerned in resonance 1.Al 

= area under peak concerned in resonance 2 • A2 

= relative efficiency of gamma ray from re-e: 1 

sonance 1. 

e: = relative efficiency of gamma ray from re­
2 

sonance 2. 

B = branching ratio of gamma ray from resonance
1 

1. 

B branching ratio of gamma ray from resonance2 

2 • 
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N = charge collected during run on resonance 1.1 

N = charge collected during run on resonance 2.2 

The above formula assumes, of course, that the tar­

get 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 should be pointed out that in order to get a true 

reading of the charge collected on the target during a run, 

it was necessary to suppress secondary emission of electrons 

from the target by putting a voltage, negative with respect 

to the target, on the tantalum beam stop mentioned previously. 

It was found that 100 volts on the beam stop was enough to. 

suppress secondary emission over the range of pr~ton ener­

gies ~sed in this experiment. 



CHAPTER 3 


EXPERIMENTAL RESULTS 


3.1 	lntroduc~ion 

This chapter contains the experimental results ob­

24tained for si~ resonances in Na 23 (p,y)Mg • These are 

E~ = 512 Kev, 987 Kev, 1020 Kev, 1174 Kev, 1318 Kev and 

1416 Kev. These resonances were studied because of their 

relatively large gamma ray yields, because very little of 

23 23 ' 23 20 .the Na (p,p'y)Na and Na (p,a)Ne reactions occur at 

these resonances, and be~ause r >> fy (Nordhagen, 1964).
p 

This ensures that r /r can be approximated to unity in the 
p 

gamma transition width calculations, except in the 1416 Kev 

resonance where r /r = 0.5.
' 	 p . 

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 found 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 ~esonance energy. Gamma ray spectra were 

47. 
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Transition Number 	 Transition 

1 	 1.37 Mev + g. s. 

2 4.24 Mev + 1. 37 Mev 

3 Res. + 10.07 Mev 

4 Res. + 9.98 Mev 

5 Res. + 8.65 Mev 

6 4.24 Mev + g. s. 

7 Res. + 7.75 Mev 

8 6.44 Mev + 1. 37 Mev 

9 Res. + 6.44 Mev 

10 7.75 Mev + 1.37 Mev 

11 8~65 Mev + 1.37. Mev 

12 Res. + 4.24 Mey 

13 10.07 Mey + 1.37 Mev 

14 Res. + l.37 Mey 

15 Res. + g. s. 

16 	 Ey = 1. 4 6 'Mev from K40 
background 

TABLE 3: Identification of the peaks in the Ge(Li} 
Spectrum for the 512 Kev Resonance. 
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obt~ined with the Ge(Li) counter 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. 

Each peak in the spectrum is numbered and the explanation 

of these numbers is given in Table 3. The figures in brae­

kets correspond to whether the peak is a 2nd escape, i.e. 

(2), 1st escape, i.e. (1), or a full energy, i.e. (0). 

The decay scheme 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 used as the refer­

ence, together with the 511 Kev full energy, 1st 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 p-ermitte~ .a very. 

accurate calculaticin 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 i0° 

spectra were initially normalized by using the "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 ach~eved using the fixed 

angle, Nal spectrum technique with much shorter runs on the 

Ge(L~) counter at the same angles as before. The initial 

runs were then normalized to the shorter runs using the most 

intense transition, the Res.+ 1.37 M~v, in the spectrum. 

MILLS MEMORIAL USRARVi 
McMASTER UNlVERSll.t 
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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 P (cos 6)
4 

term, within the errors of the results. For this reason the 

Ao value for this transition was f6und from the 55° run only, 

O. The A6 values of all the otber transi­

ti9ns were also found from the 55°· run only, ~ince the magni­

tude of the statistical errors involved did not warrant a 

correction for a possible P (cos 6) term in the angular
4 

distribution. 

The decay scheme, together with branching ratios is 

shown in Fig. 13. This scheme compares almost· exactly wit~ 

that given in Endt and Van der Leun (1962), except that some 

of the 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 fy = 0.35 (±Q.056)ev. From 

this value of fy, and from the branching ratios found in 

this experiment, the partial gamma ray widths of the transi­

tions from the resonance were found. These partial widths 

wer~ ihen c6mpared to Single P~rticle Estimates for the 

transitions concerned, and the partial reduced transition 
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Transition 

Res. -+ 1. 37 


Res. -+ 4.24 


Res. -+ g. s. 


Res. -+ 10.06 


Res. -+ 8.66 


Res. -+ 7.75 


Res. -+ 6.43 


Res. -+ 9.97 


Mev 

Mev 

Mev 

Mev 

Mev 

Mev 

Mev 

rexp rexp re.xp 

r(El) f(Ml) f(E2) 


3.5 x 10- 4 1. 0 x 10- 2 


1. 2 x 10- 4 3.6 x 10-3 


1. 7 x 10- 5 5.0 x 10- 4 1. 9 x 10-1 


2 . 7 x 10- 3 7.9 x 10- 2 


4.3 x 10- 4 1. 3 x 10-2 


1. 2 x 10- 4 3.4 x 10- 3 


2. 3 x 10- 5 6.6 x 10- 4 1.1 x 10-1 


8.3 x 10- 4 2.4 x 10- 2 


TABLE 4: Comparison to Single Pa~ticle 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 are smaller, 

by about an order of magnitude, than those values for similar 

transitions for the other resonances reported in this thesis. 

The reduced strengths for the Res.+ g.s. and Res.+ 6.43 Mev 

transitions, which must be pure multipoles, are even smaller. 

In fact, from the reduced strengths for these two transitions, 

one might be tempted to suggest that a spin of 2+ for this 

resonance would be more acceptable . In this connection, it 


. is inieresting to note that the angular c6r~elation measure­


ments made by Glaudemans and Endt (1962) are consi~tent with 


a resonance spin of l+, 1 or 2+, but spin 1 was more pro­

bable. 

Although a spin 2+ assignment seems ·possible, the 

smallness of the comparison values is most probably due to 

the nuclear matrix elements of this resonance being much dif­

ferent from those of the other resonances studied. 

If the resonance is in fact spin 1 then the compari­

son values for the· El and Ml transitions, shown in Table 4, 

give no indication as to whether the resonance spin is l+ or 

1 . 

(ii) Ep = 987 Kev Resonance. 

This resonance was studie~ 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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Transition Number 	 Transition 

1 	 1.37 Mev + g.s. 

2 	 4.12 Mev + 1.37 Mev 

3 	 6.00 Mev + 4.24 Mev 

4 	 5.23 Mev + 1. 3-7 Mev 

5 6.00 Mev + 1. 3 7· Mev 

6* Res. + 6.00 Mev 

7 Res. + 5.23 Mev 

8 Res. + 4.12 Mev 

9 Res. + 1.37 Mev 

K4010 	 Ey = 1.46·Mev from 
background 

F1811 	 Ey = 6.13 Mev from 
(p,a.)o16 background 

*This transition is hidden at the bases of the large 
background peaks. 

TABLE 5: 	 Identification of the peaks in the Ge(Li} 
Spectrum for the 987 Kev Reson~nce • 

. . . 
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run is shown in Fig. 14 and the identification of the peaks 

is explained in Table ~. This represents a run of about 3 

hours duration.using a proton current of aro~nd 2.5 microamps. 

The decay scheme was found from the 90° run using 

the very accurately 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 warrant making a correction for a P (cos 8) term.
4 

The decay scheme, together with branching ratios is 

shown in Fig. 15. This scheme compares very well with that 

shown in Endt and Van der Leun (1967), except that no Res. + 

4.24 Mev transition was seen in the present work. This con­

firms work done by Nordhagen (1964),.who also saw no Res.·+ 

4.24 Mev transition but who, however, did not see the Res. + 

5.23 Mev transitiori that is definitely pre~ent. 

The 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 ~ 1 Mev was used for 

the comparison experiment. 

The most intense transition from each reson~nce was 

used in the calcuiations. It was found that for this re­

sonance fy = 0.33 (±0.13)ev. From this f igur~ and the branch­

ing ratios found in this experiment, the partial gamma ray 
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rexp 	 rexp~ 	 ~Transition f(El) f(Ml) r (E2) f(M2) 

Res. 	 .+ 4.12 7 . 2 x 10- 4 2.1 x 10- 2 


.+ 10- 4 10- 3
Re.s. 6.00 2.1 x 6.0 x 


Res. .+ 5.23 1.1 x 10- 4 3.2 x 10- 3 


.+ 10-3 x 10-1 .
Res. 1. 37 	 8.9 x 3.7 

TABLE 6: 	 Comparison to Single Particle 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 M;ev 

6 Res. -+ 7.75 Mev 

7 	 7.75 Mev -+ 1. 37 Mev 

8 8.87 Mev -+ 1. 37 Mey 

9 Res. -+ 4.24 Mev 

10 	 Res. -+ 1.37 Mev 

2311 	 Ey = 1.63 Mev from Na 
(p,a)Ne20 reaction 

TABLE 7: 	 Identification of the peaks in the Ge(Li) 
Spectrum for the 1020 Kev Resonance. 
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widths of the transitions from the resonance were found 


and compared to Single Particle Estimates. These partial 


reduced transition strengths are shown in Table 6. It can 


b~ 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. 

As the natural width of this resonance is around 4 

Kev, a target of NaCl of around 20 Kev thickness at Ep ~ 1 

Mev was used in the study of this resonance. This target 

gives, therefore, almost the maximum possible gamma ray yield 

from the resonance in que~tion without including any nearby 

large resonances. A short run was carried out, at 90°, at 

·.~n energy about 10 Kev below the 1020 Kev reson~nc~, where 

a smaller resonance was present. From this run it was con-

eluded that the gamma rays from th~s lower resonance could 

not be confused with those from the 1020 Kev resonance. 

Gamma ray spectra·from the Ge(Li} counter were ob­

tained at 0°, 35°, 55°, 75° and 90°. The 55 °· run is shown 

in Fig. 16, and the identification of the peaks explained 

in Table 7. This represents a run of about 2.25 hours dura­

tion at a pro~on current of around 20 microamps. 

The decay scheme w~s found from the 90° run ~sing 

the 1.37 Mev and 4.24 Mev gamma rays as standards. The value 

of the 4.24 Mev gamma ray was found accurately from the 

analysis of the 511 Kev resonance. 
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For the branching ratio work the runs were norma­

lized using the fixed angle Nal technique. The Ao value 

of the Res. + 4.24 Mev was found from the angular distri­

bution of the gamma rays concerned at all angles measured. 

The angular distribution for this gamma was found to be 

W(8) a 1 - 0.141 (±0.03)P (cos 8) + 0.051 (±0~03l)P 4 (cos 8).2 

The Ao value for the Res. + 8.87 Mev transition was found, 

in a similar way, to be W{8) a 1 - 0.147 (±0.06)P (cos 8)
2 

+ 0.027 (±~.08)P 4 (cos 8). The Ao values for all the other 

decays were found from the 55° run only, due to the stati­

stics of the experiment. 

The decay scheme found, together with the branching 

ratios, is shown in Fig. 17. The most important-feature of 

this decay scheme is the reassignment of the previously ·• 

thought Res. + 5.23 Mev + 1.37 Mev cascade, to the Res. + 

8.87 Mev + 1.37. Mev cascade. The primary arid secondary of 

this cascade had previously been confused due to the_.poor 

resolution of NaI detectors. Also, a weak 8.87 Mev + 4.24 

Mev transition was seen that had not been reported previously. 

From branching ratio work, the Res. + 7.75 Mev + 1.37 Mev 

cascade was found to be a 100% cascade to within 20%. 

Apart fro~ 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· s~~n due t6 the 

statistics of the experiment. 
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rexp 	 rexp rexpTransition 
f(El) f(Ml) f(E2) 

Res. -+ 4. 2 4 Mev 7. 5 x 10- 3 


Res. -+ 8.87 Mev 5. 7 x 10-1 


Res. -+ 1. 37 Mev 5.4 x 10- 4 


Res. -+ 7.75 Mev 1. 5 x 10- 3 4.2 x 10-2 1.0 x 10-1 


TABLE 8: 	 Comparison to Single Particle Es·timates 
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 thickness at 

Ep ~ 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(00 ) for that re­

sonance. As might be. expected, the gamma ray yield from the 

987 Kev resonance, using the above target, was found to be 

the same, w:i t hLn statistical errors, as that f.rom the 98 7 

Kev resonance using the target previously used for finding 

the gamma transition width of the 987 Kev resonance. This 

meant that the gamma ray yield from the 1020 Kev resonance 

could be compared directly to that from the 512 Kev resonance. 

The most intense transition in aach ~esonance was used in· the 

calculation. 

It was found that for this resonance fy = 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 compared to Single 

Particle Estimates. These reduced transition strengths are 

shown in Table 8. 

It should be pointed out that the spin.and parity of 

the 8.87 Mev level has been found very recently, (Mabey, 

1968), to be 2 The angular distribuiion arid 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 4.24 Mev -+ 1. 37 Mev 

3 Res. -+ 8.65 Mev 

4 4.24 Mev -+ g.s. 

5 Res. -+ 8.44 Mev. 

6 8.65 Mev 7 4.24 Mev 

7 Ey 5.07 Mev 

8 Ey = 6.38 Mev 

9 	 8.65 Mev -+ 1. 37 Mev 

10 	 7.75 Mev -+ g. s. 

11 8.44 Mev -+ g . s . 

12 Res. -+ 4.24 Mev 

13 Res. -+ 1. 37 Mev 

14 Res. -+ g.s. 

2315 	 Ey = 1.63 Mev from Na 
(p,a)Ne20 reaction 

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

. . . 
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doubt this assignment. 

(iv) Ep = 1174 Kev Resonance. 

A NaCl target of about 5 Kev 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(Lil 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 Ta.ble 

9. This represents a run of about 2 hours duration at a 

proton current of around 5 microamps. 

The decay scheme was found in a similar ~ay to that 

for the 1020 Kev resonance. 

For the branching ratio work, the Ao values for all 

the transitions were found from the 55° run. 

The decay scheme, together with branching ratios, is 

shown in Fig. 19. The improvement of this decay scheme over 

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 Kev 


+ 1.37 Mev cascade and partly with the Res. + 8.44 + g.s. 


cascade. 


Secondly, the Res. + 7.75 Mev + 1.37 Mev cascade re­

·quires exictly the same gamma ray energie~ as the Res. + 6.44 
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Mev + 1.37 Mev cascade, namely, 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.s. transition 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 coniidering the 

statistics of the experiment. This anomally could not be 

cleared up by observing the Doppler shift of the gamma rays 

at 0°, as t~e energies of both gamma rays were. shifted by 

approximately equal proportions. 

The Ao values, corrected for efficiency, for the 6.38 
. 

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

Gamma Energy (Mev) Ao 

5.07 174 (±24) 

6.38 168 (±23) 

7.75 23 (±8) 

It can be seen from these figures and from the branch­

ing ratios found at the 1020 Kev resonance, that most of t~e 

above gamma rays are involved in the Res. + 7.75 Mev + 1.37 

Mev cascade but the possibility of the Res. + 6.44 Mev + 

1.37 Mev cascade cannot be excluded. 

The gamma iran~ition width for this resonance was found 

in an exactly similar way and with the same targe~ as that 

for the 1020 Kev resonance. The only difference ~as that 

the Res. + 4.24 Mev transition of the 1174 Kev resonance was 

http:existance.of
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rexp rexp rexp
Transition 

r(El) r(Ml) f(E2) 

Res. -+ g. s. 5. 2 x 10- 2 


Res. -+ 4.24 Mev 7.8 x 
 10- 2 
·' 


Res. -+ 1.37 Mev 1. 7 x 
 10- 2 


Res. -+ 8.65 Mev 1.9 x 
 10-1 

l0·- 3Res. -+ 8.44 Mev 2. 8 x 

10-3 10-1 10-1If Res. -+ 7. 7 5 Mev 7. 8 x 2. 3 x 5 x 

10-1If Res. -+ 6.44 Mev 1. 2 x 

TABLE 10: Comparison to Single Particle Estimates 
for the 1174 Kev Resonance. 
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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: 	 Identification of the peaks in the Ge(Li) 
Spectrum for the 1318 Kev Resonance. 
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used in the calculation. The Res. ~ g.s. transi~ion was 

not used in case any gamma rays were included from the same 

transition in the 1163 Kev resonance. It was found that for 

this resonance fy = 4.67 (±l.12)ev. From this figure, and 

the branching ratios, the partial gamma widths for the 

transitions from the resonance were found and compared to 

Single Particle Estimates. These reduced widths are shown in 

Table 10. 

(v) Ep = 1318 Kev Resonance. 

This resonance was studied with a NaOH target of 

around 5 Kev thickness at Ep ~ 1 Mev. Gamma ray spectra 

were obtained at 0°, 55°, and 90°. The 55° run is shown in 

Fig. 20, and the identification of the peaks is explained 

in Table 11. This represents a run of 2 hours duration at 

a proton current of around 2 microamps. 

The decay scheme was found in the usual manner. 

For the branching ratio work the normalization between 

runs was achieved using the readings from the "greater than 

2 Mev" gate. The Ao value for the Res. + 1.37 transition was 

found from the angular distribution of the gamma rays con­

cerned. This angular distribution was W(8) a 1 - 0.298 

(±0.3)P (cos 8) + 0.00! (±0.25)P (cos 8). Also for Ge(Li)
2 4 

effi~ie?cy curve work, the angular distribution of the 1.37 

Mev + g.s. was found. This angular distribution was W(8) a 

1 - 0.155 (±0~06)P 2 (cos 8) + 0.08 (±0.07)P (cos 8). The Ao4 
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rexp fexp fexpTransition 
f(El) f(Ml) f(E2) 

Spin 1 


Res. + 1.37 Mev 5 
 2 


Res.+ g.s. 

Spin 2 


.·R + 1.37 Mev 3. l · x. 10-1 


R + g.s. 


TABLE 12: Comparison to Single Particle Estimates 
for the 1318 Kev Resonance. 
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T.r ans.it ion 	Numb.er Transition 

1 	 1.37 Mev + g . s . 

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 Mev 

2310 	 Ey 1. 63 Mey from Na== 
(p 'a.J Ne20 	 reaction 

TABLE 13: 	 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 with 

those shown in Endt and Van der Leun (1967). 

The gamma transition width for this resonance was 

found in an exactly similar way, and w{th the same target, 

as that used for the ·1020 Kev resonance. It was found that 

for the 13~8 Ke¥ resonance ry = 17.1 (±0.43)ev· if spin 1 was 

used for the resonance, and ry = 10.3 (±0.26)ev if spin 2 was 

used for the resonance. From these figures and from the 

branching ratios found, the partial gamma widths of the trans­

itions from the resonance were found and compared to Single 

Particle Estimates. The reduced strengths are shown in Table 

12. 	 It can be seen that these reduced strengths in no way 

d ict h e 'bl e · va 1 o f 1-, l+ or 2+ for thecontra t possi spin ues 

resonance. 

(vi) Ep = 1416 Kev Resonance. 

This resonance was studied with a NaOH target of 

around 5 Kev thickness at Ep ~ 1 Mev. Gamma ray spectra were 

measured on the Ge(Li) counter at 0°, 55°, and 90°. The 55° 

run is shown in Fig. 22 and the identification of the peaks 

is explaine~ in Table 13. This represents a run of about 

3 hours duration at a proton current of around 3 microamps. 

The decay scheme was found in the usual manner. 


For the branching ratio work the normalization between 
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r~ns werA accomplished with the readings from th~ ''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 D.istribution 

Res. -+ 4.12 ·Mev W( 6) a. 1 + 0.478 (±0.2~)P 2 (cos 6) 

+ 0.15 	 (±0.2)P (cos 6)
4 

4.12 Mev + 1.37 Mev W(6) a. 1 + 0.406 (±0.12)P (cos 6)
2 

- 0.058 (±0.15)P (cos 6)
4 

1.37 Mev + g.s. 	 H( 6) a 1 + 0.390 (±0.04)P (cos 6)
2 

- 0.057 (±0.04)P (cos 6)
4 

The ratios of the Ao values found in .this cascade 

were used in determining points on the Ge(Li) efficiency 

curve, as explained previously. The Res. -+ 4.12 Mev-+ 1.37 

Mev cascade is known to be a 100% cascade. and, originally, 

95% of the 1.37 Mev + g.s. transition was assumed to origi­

nate from the above cascade.· This was based on figures from 

Endt arid 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 Mev transition shown in Endt and Van der Leun. 

·The Ao values for all the other gamma transitions in 

the 	1416 Kev resonance were found from the 55° run only. 

The decay scheme, together with the branching ratios, 



.. 


82. 


I 
++ \3·0 SZ t.Ae:V 

~ 10 KeV 

1 
O·'Z.:t·OS ~6~2. l·5~·'3 \-7~·4 H~·3 

i 
I 

I 

9-4G4--!: \0 

. 

-:cc, &OOG-tS";'),IA!;­ T 

1 
5·2.~-o~~ 

4·l2.Z.66 
,. -tO·l 3 

-
, 

t 
,,--:'" 

0 


FtG.23. DECAY SCHEME FOR 1416KeV RESONANCE. 


http:4�l2.Z.66


83. 


Transition rexp 
r(El) 

rexp 
r(Ml) 

rexp 
f(E2) 

rexp 
r(M2) 

Res. -+ 4.12 Mev 6.2 x 10-1 

Res. -+ 9. 46 Mev 3.7 x 10- 2 1.1 x 10-1 2 x 10 3 

Res. -+ 5.23 Mev 1.5 x 10- 2 

Res. -+ 6.00 Mev 2.3 x 1.0- 2 

Res. -+ 1. 37 Mev 2.5 x 10- 2 

TABLE 14: Comparison to Single Particle Estimate~ 
for the 1416 Kev Resonance. 
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is shoxn in Fig. 23. It is intare.stiu.g to note the in... 

clusion of several energy levels hitherto uns~en in Na! 

work, especially the 9.46 Mev lev~l that has never been 

seen before in (p,y) work on Na
23 • 

The gamrria transition wi<ltb of this resonance was not 

found in the present series of experiments. However, the 

figur~ of ry = 9.3 ev, given in Nordha&en,196~, was used, 

together with the branching ratios found in the present experi­

ment, to find the partial ga.mma width.s of the transit.ions 

from fhe fi~sonance. These pafTia1 gamma widths were compared 

to Single Particle Estimates and the red-uced transit:i:oa 

strengths are shown in Table 14. 

Ollerhead, et al, (1968), have ~hown that the only 

- + . ­
possible spins for the 9.46 Mev level are 2 , 3 , or 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 is an 

3M2 transition, with a reduced strength of 2 x 10 Weisskopf 

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 secondary 

in a cascade it is possible to arrive at some conclusions 

concerning the lifetime of the intermediate st.ate. To 

illustrate this fact, it was found that the 9.46 Mev + 
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1.37 Mev transition, seen in the 1416 Kev resonarice, ~x-

hibited essentially the full possible Doppler shift. It 

was, therefore, possible by considering the time taken for 

24
the Mg nucleus to slow down in the target material, to 

place an upper limit on the lif~time of the 9.46 Mev level 

of about lo- 13 secs, ( B 1 au g.r u n d , 1 9 6 6 ) . This, in turn, 

3 gave a level width of greater than 6.6 ~ 10- ev. Using 

this figure, and approximate branching ratios f ou.nd from the 

work by Ollerhead et al (1968), ~he reduced streng~h of the 

9.46 Mev + 1.37 Mev transition was found to be greater than 

1.4 Weisskopf Units, if the spin of the 9.46 Mev level were 

4 In 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 shell with a re­

duced strength of greater than a Weisskopf Unit. Although 

the above argument does not entirely exclude the possibility 

of spin 4 for the 9.46 Mev level, the evidence for its ex­

clusion is quite strong. Thus, the evidence 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 in the decay schemes previously measured 

with Nal detectors. These errors involved either the.rever­

sal of the primary and secondary of a particular cascade, 

or the exclusion of weak transitions. The correction of 
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these eDrors was made possible due to the much increased 

resolution of Ge(Li) detectors over NaI detectors. 

The branching ratio data found for the above decay , 

schemes agreed quite well ~ith that found from previous work. 

In the reduced strength analysis the typical value 

for an Ml transition seems to be aro~nd 10-l + 10- 2 

Weisskopf Units. This is a typical value for nuclei in this 

mass region, (Wilkinson, 1960). Very few El transitions 

were seen but the typical value of those that wer~ observed 

-3 -4 was aro~nd_lO + 10 Weisskopf Units. These values are 

slightly weaker than those generally observed in this mass 

region. 

From Doppler shift analysis a possible spin of 3+ 

has been proposed for the 9.46 M~v level. "Although no de­

tailed work has 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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