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ABSTRACT

A 37-.. lithium-drifted germanium defector haa Been used in con^motion 
with the Ç i l  neutron ou a t a i  spectrraeter to examine the gammaray 
spectrum arising from neutron resonance capture in د4حو٠ . The effective 
. m m a r a y  e n e r .  resolution of 0.٠2.4ج keV a l l o w d  17 transitions to he 
examined in the e n e r .  r a n .  between 1.9 and 1806 keV following the capture 
of 0.0976 eV resonance neutrons in لم49لهح . The spectrum is intepreted in 
teras of the levels In the compound micleus, 3 د5ه ®. An analysis of the 
reduced Intensities of 38 El transitions which consist of 9 seconda, and 
29 primary transitions indicates that they have a CTiimilative PorteiThomaa 
distribution. A  similar, analysis haa been applied to 15 Ml transitions 
. i c h  consist of 4 seconda, ,and 11 p r i m a ,  transitions.
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fRODUCTIQN

The resonance-neutron-capture spectra are useful in making isctcpic 
assignments in nuclear ener, lewis cf a natural element. A lithium-drifted 
^raanium detector has heen used in conjunction with the ÇNAEM neutron 
crystal spectrometer(!’2) to examine the gammaray spectrum arising from 
neutron resonance capture In ل49الفع . The' ener, of the first neutron resonance 
for 0.0976 , ت4و؛3ااا  eV. Is very cl'ose to the 0.07 eV peak ener, of the 
Maxwellian for the count-rate spectram of the Ç N İ  spectrometer( 2).
Therefore, sufficient gamma-ray Intensities were obtained for the spectrum. 
The-reduced gamma-ray Intensities are subject to the PorteiThtwas 
distribution(د), since the number of the seconda. El and Ml transitions - 
Is small,' a' emulative Porter-Thomas distribution was applied to these 
transitions together with the primary transitions given by Buss and a٠lther(4)

E J O H S T A L  .®AILS

. The source of neutrons used In this research was a 8wiling pool 
reactor (TKl) of 1 MM power located at ؟efanece Ruclear Research and 
Training Center (ÇMAEM), Istanbul,. Turkey. 47 g of powlered حئة0ق  Inside 
an aluminum container, 4 X 5 X 1 . 5  .... with 1 I  ills, was placed at an 
angle of 45. to the monochroraatlo neutron beam obtained from the spectrometer. 
A detailed description of this spectrometer has been given ٠before(l’2).
The spectrometer resolution « 8  1.4.5 r.ec/m using the Be(l.ïl) crystal 
planes as a monoohnator. The ener, of the monochromatic neutrons was 
...976 eV, l.e٠, the resonant ener.(5’ج) of the first neutron resonance 
In ل49هه٠  A 37.cc ٠e(Ld) detector with a resolution of 3.9 keV at 1.33 MeV 
was used for gamma-ray detection. In order to reduce the back.ound 
produced by neutrons scattered from- the sample, a 4 - Œ  of ا2٠0ؤ ا  shield 
Inside an aluminum container was placed bet w e n  the sample and the detector 
holder. 47 ء of Sm 0 contains 4 ه5ة .  g of pure natural samarium element,“ 2 3  “ .
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and the is٠t٠ pi٠ abundance of the ل49ئءل  in natural element is 0 ا3.8ذ ا .

The pulse-hei٠it spectra fran the Ge(Li) detector were recorded in 
a 4.96-channel analyser. The ener, calibration was based on the 662-keV 
line(٢) of 08 قلًا , and on 1170 and 1330-keV lines(?) of 6٥co٠ These three 
ener, values with their corresponding channel numbers of 1490, 2649. and 
3010 were fitted to the following calibration curve

(E)l/2 ٠ (E٥)l/2 + ٠  L (1 + n/d), (1)

.ere n is the channel number. This equation for the calibration curve 
has been derived in Appendix I. Using the three points mentioned above, 
the three parameters of the calibration curve were obtained as follow*

(E٥)l/2 - 1..42246394 (keV)1/2, c - 34.41177184 (keV)l/2, 2659.751837 - ع.

Fig. 1 show the spectrum of resonance—neutron-capture gamma rays,.

l E R M I T l  OF GAMMA-RAY ENERGIES AMD DENSITIES 

The peak positions are deteOTlned by direct examination of the pulse- 
height spectra and also . t h  the help of a calculator pro.am. This program, 
after subtraction of a back.ound term, makes a skew Gaussian(®) fit to 
the peak. The frinction Is of the form

1 - 1 .  ٠xp(-(E - E٠)2 f/G2),

.ere 0 < f / l  for E <  E٠, f — 1 for E ٠ E٠, and E. and I are the oner, 
aud hei.t of the peak respectively, and f Is the degree of skewess.

The absolute Intensity of a gamma-ray transition frOT an Initial state 
1 to a final state f is proportional to the gamma—ray peak area,

( i r ) 1/ 2 I .  a (1 + ı / ( f )٧2) / 2.

Therefore, the relative intensity of a gamma-ray transition can be written 
in the following foim*

0 اات ت  a (1 2 ب ا(ءرت(ء)/ا٠
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. e r e  G is (2) ر times the stands^ dertatlon of the Gaussian distribution.
For the case of very weak peaks it was not possible to be able to make 

a Gaussian fit to the peak. In that case the, peak positions and the relative 
Intensities « r e  detetained using the following relations*

Area*

/ ، .٠ ٠! ' ١ ٠Mean*

ء٠"ة( < )٠"لا ة ٠ء *Standart deviationل٠
n

. e r e  n is the ohannel number, I٥ is the net counts in the ر لأ  channel 
above background line, n. is the channel number . i c h  gives the position 
of the peak, and sums are over the channel munbers of the peak region.
In this « y ,  the relative Intensity of the peaJc, the 'peak ener., and the 
standard deviation from the peak e n e r ,  are ^ v e n  by the following relations

ل , .E - (dn + n٠)dE - E٥ ,(n٠)A/(7C)1/2, E* - E. - E - ل

. e r e  the fiction E(n) is f^ven by Eq. (1).
By using a modified independent-particle model, Blatt and Weisskopf(و) 

have estimated the probability of a gammaray transition of order £ from 
an Initial state I t o a  final state f. The absolute Intensity of a g a n m a  
ray transition Is proportional to this probability. Therefore, -the relatiTO 
Intensity of a gammarray transition can be written In the following fora*

, I * - C E ۶ + l ٠(E٤)/D(Ef), (2)
.ere

ا-ءع )إ( لا !ع

Is the'ener, of the emitted gamma ray, D(E^) Is the spacing of levels of 
the same spin and parity as the Initial state 1 near E٤ and D(Ef) Is the 
spacing of levels of the same spin and parity as the final state f near Ef.



For the nuclear level density l/D(E)j the foraula(!.)

l/٠(E) ء (l/T) exp((E - E٠)/t ) (4)

can give a good fit to the experimental data. The experimental values of 
the energies of excited state's of د5٠اااح  given hy Buss and Smither(4) were 
fitted to the foraula (4) using the method of least squares. The parameters 
ohtalned from the analysis are E. - ,118.5 keV and T « 55.4ج keV. Using 
Eqs. (ذ) and (4), Eq. (2) can he rewritten in the following fora*

I٧- C E ؛٤ +lexp(-E*/T), (5)

where C' Is the so-called reduced Intensity. For the cas. of El or Ml 
transitions the reduced Intensity is given by the foraula

c -  I exp(E٣/585.4) /e\  . (6)

The relative intensities of the transitions observed In rasonance- 
capture experiments prasented In this paper can he lnterprated In teras, 
of the simple scheme Indicated In Fig. 2. The \  ground state of ل4لآو  

leads to 3 and 4 capture states for s-wave neutrons, a .  resonance neutrons 
of ener. 0.0976 eV are captured Into 4 states only(n). Hence, for the 
case of primary dipole transitions the Initial state 4 dep.^ilat.8 In a 
unifora manner to the thrae possible final states of spin 3, 4, sod 5. For 
the case of seconda, dipole transitions the Initial states of spin 3, 4» 
and 5 depopulates to the five possible final states of spin 2, 3, 4, 5, 
and 6, thus, as Indicated In Fig. 2, the relative transition Intensities 
will he proportional to ra. Therefore, Eq. (6) must he replaced hy the 
follortng equation*

C - I, exp(I۶/585.4) / ( ٠٠ E 6 (a؛), (

.ere m can take the integer values of 1, 2, and 3, corresponding to the 
spin values of (2,6), (3,5)» and (4) respectively.



D i l i  OP TOE REKJCED H S I T I E S

The statistical distrihition ٠f the partial radiative widths is 
expected to have.the Porter-Thomas(ذ) form. This had heen a subject of 
intense study from the time of the first measurements of resonance capture 
spectra(12). A measurement hy Rae et al.(l) of 88 El transitions following 
capture of theraal neutrons and resonance neutrons of ener. 34, 130, and 
175 eV In 9 لأاب٧ £, were analysed using the^-2-test to fit the chi-squared 
distribution to the histogram of the data. The class of chi-squared 
distributions is described by the foraula(^) ' '

p„(x) dx - C(n/2)n/2 / P i n / 2 ا (( ع)ل”ة(ة  exp(- nx/2) dx, (7)

.ere X I s / s, n is a quantity called the number of degrees of freedom, 
s is the reduced partial radiative width .ich Is proportional to the 
reduced Intensity-and ة is the mean partial radiative .ddth. The result 
found was n « ..96 : ه!ته أ  this encompasses the Porter-Thomas form ؛n : ,1). 
An exponential distribution (n ٠ 2) was not compatible with the data(is).

- TOe Porter-Thanas distribution is given by the foiroila

P(x) dx ٠ ( 2 2 exp(- x/2) dx, (8) اا-(لءد

.ere X ٠ c / c, c is the -reduced Intensity, and c is the mean reduced 
intensity and given by

(9)، ة. - ة ق ء
.ere N is the total number of reduced intensities of El or Ml transitions 
and له is the i ؛٥  reduced intensity which satisfies the condition

\ ٠٠ )٠١٠• " < ؛ا ة٠>ا يم٠>

On the other hand, X ٠ c / c satisfies the following conditions*
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Therefore, the number of reduced intensities up to 0 إ  is i and ^ v e n  by 
the formula

i - (N + t) r(x±)t (11)
.ere

(12)f(x) ٠/  p(x) dx»

l.e٠, cumulative Porter-Tilomas distribution .ich satisfies the condition 
f(x) 1 ة and t is a slowly varying function of N. For a given H, all لل ٠ # 
and t can be calculated uniquely using Eqs. (lOa) and (ll). Some values of 
t obtained from calculations are listed In Table I.

Buss and a٠ither(4) have measured the a v e r a j  Intensities of 46 primary, 
gamma 'transitions t. low-lying levels In هؤد3ا٠  when the neutron— capture 
process takes place In a l a r ^  number of neutron resonances, and they have 
Inferred the multipolarity of t-he radiation, and thus the parity of the 
final state, and limited the spin of the final state to ^ t h i n  t w  choices.

Sm15٠,Comparing the experimental values- of the energies of excited states of 
given by Buss and Sm!ther(4) and by Smlther(14) ٠ with the experimental
values of the energies of the emitted gamma rays observed In resonance- 
capture experiments presented in this paper and using the Eq. (ق), It has 
been inferred that the 17 experimental transitions presented i'n this paper 
were secondary transitions. و of these 17 transitions are El transitions,
4 of them are Ml transitions and the other 4 of them are E2 transitions. 
The numbers of the primary El and Ml transitions given by Buss and 
Smither(4) are 2و and 11 respectively. Hence, the total number of the El 
transitions Is 38 and the total number of the Ml transitions is 15.

The neutron-capture transition data for the first neutron resonance 
in ل49لآ  are summarized in Table II. The first two coluams ^ v e  the 
energies and intensities of the secondary gamma transitions following
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resonance capture in the د4لآو٠)رلل(د5لآه٠  reaction؟ the intensities of 

transition are expressed as nuoher of transitions per 100. captures. The 
fourth column gives the reduced intensities calCTilated hy using Eq. (6a).
The transition multipolarities are listed in column fie.

?or N I 38 and N ٥ .15 the values of غل obtained from theoretical 
calculations are listed in Tables III and IV respectively. For the case of 
El .transitions each of the 9 values of reduced intensities was calculated 
from ,the experimental data for m « 1, 2, 3, by using Eq. (6a). According 
to.'... (6a) the dependence of c٤ on m can be expressed as 0 ع)لم( ٠  c٤(l)/m. 
Since-the value of 0 جق)ا ) given in Table II is too big acco^ing to Porter- 
Thomas distribution values given in Table III. the first approximation to 
the.mean reduced intensity was taken as c « 38 ق)جثه(عا٠  Using this value 
of c, 27 experimental values of x٤(m) « c٤(m)/ c were calCTilated. Comparing 
the experimental x٤(m) 's with the theoretical 1 ± 's given in Table III,
9 set-8, of the values of لل٠  of x٤(m), and of i, and finally one value of 
m for each set were chosen such that I x٤(m) - اثل was a minimum for each 
set. Using the relations

G ل, ٥ - ؤ ة -  ااا)لمه/(ل  G . and x±(m) - 0 د)ااا )/ c, 

a better approxlmation was obtained. The results are shown in Table V. Pig.
3 show the CTOTilatlve Porter-Thomas distribution of Intensities of 38 El 
transitions including 9 e^erimental values. In the same manner, the result, 
for Ml transitions are show in Table VI. Pig. 4 show the cumulative 
Porter-ThOTas distribution of intensitie's of 15 Ml transiti'ons Including
4 experimental values.

Partial level scheme for للةهقل, derived from the resonance-capture 
spect^jm reported In this paper in conjunction with previously published 
studies(4’ د4(ل  İ8 shown in Pig. 5.



DISCUSSION

The spin assignments given, in Tahles V and VI are inferred from Fig. 2, 
using the m values obtained frwn Eq. (6a) and the .jrailative Porter-ThomaS 
distributions given in Tables III and ^٠ since these assl^ents depend on 
a probability dlstrltartlon, In SOTe oases they do not ^ve accurate results. 
For. example, spin assignments for the lewis at 1071.8, 1857.7 and 1798.7 
keV are different from that given In previously published studles(4»14). 
Moreover, there Is. an ambiguity between two assignments for the levels at 
1071.8 and 1357.7 keV. However, a 3 or 5 assignment for the level at 
1357.7 keV Is consistent with the result given in Refs. (4) and (15). On 
the other hand, the 2+ assignment Is recommended by Buss and &lth٠r(4) 
and Is -consistent with the result for the lewl at 1416.8 keV. The 3 or 2 
assignmentU) la also. consistent with our result for the level at 1760.3 

keV. A level is obseiwd in the (d,d٠) reaotl٠n(4٠15) .at 1819 keV. The 
strength of the proton group is proper to a 2+ or 4+ state. Hence, a 2٠ or 
6+ assignment for the level at 1818.9 keV gives .«parable results with 
those given in Ref. (15) and the 2* assl٠jment Is probably correct. Buss 
and Smlther concluded that any assignment except- 2+, 3+٠ 4+٠ or 5+ would 
be possible for the level at 2223.7 keV. This oonoluslon Is correct compared 
with a 2٠ or 6+ assignment. Finally, a 2  or 6 assignment for the. level 
at 2233.5 keV Is consistent ^ t h  a 2 , 3 , 4,, or 5 assignment given In 
Ref. (4).

APPENDIX I

!  CALIBRATION -  FOR TOE Ge(Li) DETECTOR 

The resolution of a gamma-ray spectrometer at ener. E Is often 
expressed In terms of ۵E/E, .ere AE Is the, full ,rtdth at half maxirom of 
a gamma peak. AE Is a function of the ener., being given by

9.
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۵ E - k E1/2, (Al)
.ere k is a constant of the Ge(Ll) detector. On the other hand, the 
calibration curve Is given hy

E - f(n), (A2)
.ere n is the channel number of the pulse-hei^t analyser corresponding 
to the gamma-ray ener. E. Then the full width at half maximum of a gamma 
peak Is given hy

۵ E - f-'(n) An, (A3)
.ere An Is the frill width at half maximum of a gamma peak .en the 
variation of gammaray Intensity with respect to channel mimher Is taken 
into account. Then An Is also a frinction of the channel number, i.e.j

۵ n ٠ g(n), (A4)
and thus, Eq. (A3) can be rewitten as follow*

AE«g(n)f'(n). (ؤع)
Combining & 8 and (aş), we obtain the following differential (A2) ,(Al) ل٠
equation*

)ء٠(ة٠ااءءل2.

The variables in this differential equation can be separated as follow*
dEdE k dn

ة)ه(ا ل1ا2"ء
Integrating this equation w  obtain

)رللء2"2 7س + ٠ء )ع6(
.ere c Is the constant of integration.

As a first approximation, the frinction g(n) In Eq. .(A4) can take the 
follo^ng fora*

A n  - a n + b. (A7)
Inserting Eq. (A7) In Eq. (A6), we obtain

• ي، س/ذ - أ
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or
(E)٠ 2ل c. (A8) + (لأ + an)k/(2a) Ln ا

Using the initial condition f(o) ٠ E٠, the constant of integration can he 
deterained as follow*

(E.)1/2 - k/(2a) ln(h) + c.

Thus. Eq. (A8) takes the final form

(E)٧ 2 - (E )جاد - k/(2a) Ln(l + an/h). (ود )

Defining the new parameters c ٠ k/(2a) and d ٠ h/a, Eq. (ود ) becomes 
identical with Eq. (1)*

■(E)2 ر حاد - «)ر  + c Ln(l + n/d) . (l)

TABLE I. Sm s  values of t defined hy Eq. (ll).

E t

1 ..46479
2 0.46921
9 0.47729

10- 0.47775
11 0.47815
15 0.47937
38 0.48245



TABLE II. Resonance-capture data on transitions in ءقهقل. The gamma 
ray energies and their probable errors are listed in column one. The 
Intensities of transition in reaction د4حو٠)لآ,كا(د5لآ  stressed as number 
of transitions per 1.0. captures are listed In column two. The relatiTO 
values of the reduced intensities In column four are calculated by using 
Eq. (6a) and noraallzed to 1000 for the intensity of the 187.7-keV line. 
The transition miltlpolarities are listed In column five.

<ء

(k.v)

I f  â lr / ly  
photons per low ' 
neutron captures (؟،)

c .ltipolarity

704.6 i 1.5 2.63 8 16.07 El
645.7 ؛ 1.6 0.06 65 0.46 Ml

632.3 i 2.2 0.17 41 1.24 Ml
570.8 i 1.2 0.02 128 0.18 El
561.9 i 2.4 0.16 51 1.55 El

. 461.7 i 1.0 0.07 48 1.01 El
456.9 i 1.2 0.06 49 E2
'441.5İ 1.9 0.08 122 E2
390.5 i 1.2 0.47 12 9.91 El
376.9 i 1.1 0.21 12 4.73 El
357.8.i 0.6 0.09 1.4 ' 2.35 Ml
310.2 i 0.9 0.49 2 E2

o.s 273.1 ؛ 0.83 4 E2
270.4 i 0.9 0.7ة ' 6 37.51 Ml
237.9 i 0.7 3.42 8 244.73 El
220.2 i 1.0 0.16 11 13.75 El
187.7 i 0.7 7.48 9 1000.00 El

12..



TABLE III. The values of X .  obtained from theoretical calculations 

for the case of N = 3 .

i X 1 X . X .
1 1

1 0.00106 14 0.22375 27 1.08141
.2 0.00425 15. 0.25987 28 1.20464
3 0.0^58 16 0.29945 29 1.34354
4 0.01707 ٠ 17 0.34276 30 1.50161
5 0.02675 18 0.39008 31 1.6836
6 0.0368 19 0.44177 32 1.89666
7 0.05289 . 20 0.49822 33 2.15111
8 0.06947 . 21 0.55991 34 2.46402
9 0.3847 22 0.62740 35 2.86555
10 0.11000 23 0.70137 36 3.41750
11 .0.13416 24 0.78263 37 4.28179
12 0.16107 . 25 0.87218 3 6.23330
13' 0.19088 26 0.97125

TABLE IV. The values cfx. obtained frOT theoretical calculations
fcr the case cf N '» 15.

، xi ، X .1 ، xi

; 0.0357 6 0.25671 u 1.12252
2 002645 7 0.36130 12 1.47362
3 0.3019 8 0.49167 13 1.97259

.4 0.10873 9 0.65429 14 2.77795
5 0.17353 10 0.85914 15 4.65471

13



TABLE V. The vailles ٠ء  experimental إل)ااا ) with their corresponding 
theoretical values of إل for the case of El transitions.

(keV) - Xi د (ه)ئ i » *و Ef
(keV)

57..S 0٠«51tö 0.00109 1' 3 (4") 1^1.8

461.7 ' 0 . ^ 5 8 .للا ^0 3 2 (3 or 5 ) 1357.7
561.9, 0.02675 0.02844 5 1 (2+ or 6ب) 1416.8

376.9 0 . . 4 7  - 0.^703 9 1 2 or'6 1.1.8

390.5 0 . 1 9 . 0.1S232 13 1 { . or 6 1760.3

220.2 0.25987 . 0.252ÖÖ 15 1 2 or 6 2233.5

704.6 0.29945 0.29558 16 ,1. 2 or 6 1357.7

237.9 4.28179 4.50211 37 1 ' 2 or 6 2233.5
107.7 6.23330 6.13204 38 3 4+ 1793.7

TABIE VI. The values of experimental x٤(m) with their corresponding ' 
theoretical values of I± for 'the case of "1 transitions.

(keV)
xi اا)لمت( 1 m ءو Ef

(keV)

645.7 0٠ى0ا9 0.06.84 3 1 (2+ or 6ب) 1416.8

357.8 0.10873 0.10435 ,4 ,3 4ب 1793.7

632.3 0.17353 0.16555 5 1 )2ب or 6ب( 1818.9'
.0.4 4.65471 5د20 15 - 1 (2+ or 6ب) 2223.7

14-.
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P I G I  CATIONS

Pig. 1. The gammaray spectn from radiative capture ٠f the first 
resonance neutrons In ل49ة٠ا .

Pig. 2. Theoretical predictions of the ^ m a r a y  branching ratios, of
primary and secondary transitions to low-lying levels following 
8-wave resonance neutron capture, m i s a  quantity .ich Is 
proportional to the relative Intensity of a secondary gamma-ray 
transition.

Pig. ذ٠  The emulative distribution of the reduced Intensities of the 
secondary El transitions. The curve Is the cumulative Porter- 
Thomas distribution for.the case of 38 -ء .

Pig. 4. The cumulative distribution of the reduced Intensities of the 
secondary Ml transitions. The curve Is the cumulative Porter- 
Thomas distribution for the case of R « 15.

Pig. 5٠ Partial level scheme for د5حه٠ا  derived from the resonance- 
capture spectrum reported in this, paper In conjunction with 
previously ۴ blished studies.
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