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1. Introduction 

In thirty years since its begining, neutron spectroscopy 

has provide.d a large amount of information on the properties of 

· reso~nc~ s~~es of many atomic nuclei. For nonfissionable nuclei 

s...tch characteristics of resonances as E 0 r rn 
- more rarely spin J were determined. However, the nature of 

resonance states is, as a rule, very complicated; therefore starting 

from so scarce qualitative (not quantitative) experimental material 

one cannot hope to :understand the. properties of highly excited 

·nuclear states better than the nuclear statistical model can claim 

to . do. In this connection, it seems of great interest to concentrate 

neutron spectroscopy' studie~ on acquisition of the largest pos--;ible 

number of p•arameters of individual excited states and investiga

tion of the behaviour . of these parameters. during transition from 

resonance to resonance • 

. From this point (Jf view, the study .of the spectra of secon

dary particles emitted .. after the resonance neutron capture is by 
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far a perspective. trend, The studie~ of · Y -ray. spectra using. 

germanium detectors have already drawn our attention to a· number 

of peculiarities which cannot be- accounted for iri the fram?'work of . l 
the rough statistical model, 

New information on nuclear resonance states can be obtained --
l::y studying the ( n , .a ) reaction. The comparative "simplicity" of 

the a -particle and the advanced theory of a decay make it 

possible in a number of cases to hope for a more complete analy

sis of experimental data than in the case of. the ( n , y )_ reaction. 

Unfortunately, because of the large ~oulomb barrie~ for a 

particles in medium and heavy nuclei, the eros-:; sections of this 

reaction are very small; therefore its study r~quire~ powerful neutron · 

sources~ and it has been started only in recent years.· 

The investigations .of .the ( · n , a ) J:'eaction on thermal 

neutrons were begun 10 years ago /
1

/ and to the present ·in a · 

number of laboratories of the world spectra of a particles after 

the thermal neutron capture were studied on 5 nuclei /
1-?/ and the 

143Nd ( n , y a ) reaction was discovered /B/. 
Of course, more extensive and unambiguous data can be· 

obtained from studies of a decay of individual resonance states 

of atomic nuclei. Such experiments were started in our·· Laboratory 

on the IBR reactor. In 1965 the first results on total a widths 

for IF Sm . and 149Sm resonances were obtained /
9

/ and in 1967 the 

first measurements of a -particle spectra in individual resonances 
147 /10/ ( Sm ( n , a ) . ) were performed, 

The studies of the ( n, a ) ·reaction on the two lines men-

tioned above are now being contim,..tE~d in the Laboratory~ Some re

sults of these investigations are discussed in this paper,.· 
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. II. Installations. for Studying the ( n , a 

on Resonance Neutrons 

) Reaction : . 

The creation of modern po·l\'erful neutron spectrometers, say · 

such as the. IBR reactor, and. large a -particle detectors made 

it possible to begin studies in ·the new region of neutron spectros

copy,· that is the .studies of the ( n , a ) reaction. Such peculiari

ties of the ( n , a ) reaction as 

a) very small cross sections (for medium· and heavy nuclei 

a n ,a. )/ u ( n, y ) < 10-~; 
·b) a· very small ·range of· the a particle to be recorded in 

the target sub;,tance; 

c) a str'ong y -ray background exceeding the a . -particle 

intensity by 6 to 8 orders of magnitude -

called for creation of speCial detecting equipment. 

In a number of years several· types of detectors for a ...:.· 

particles registration and measurement of their spectra were tested. 

In mea;:,urements of total . a widths (for counting particles in 

individual resonances) a gaseous scintillatir>n detector with a 
. 2 

· multilayer target with a working area of 0. 7 m was used. The 

presence of an electric field . of 800 v/cm in Which there was a 

' sCintillator (xenon) was a. typical peculiaritv. of the detector; this 
,, ' . 

permitted the light .flash to b_e increased by 2 orders of magnitude. -

The de'tector construction made it possible to measure the effect 

and the' b~ckground simultaneously /
11

/·(see Fig.1). Alpha-particle 

sp~ctra ·•:ere measu~ed by. grid ionization chambers. A double 

ioniwtion chamber •in Which' the plane of targets ~as indined to-
·,. . ... ,,' . ·. ' . . . . . 0 . 

wards . the . neutron beam at an angle of' 15 proved to be good 

. on the neutr~n bearn from 'the IBR. reactor. 'I' his permitted, using 

: .' 
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·. a slit neutr6n . collimator, only a small part ·of the 'sensitive volume 

of the chamber (out of: the space between the grid and the collec

tor) to be. irradiated by th,e reactor beam and thus the sources of 

amplitud~. distortions. tQ be co!'lside;r~b~y a~tenu~t~d/~2/ (Fi~ 1). 
, " - . ' . .· . -. ' ,. · ... 

.For neutrons, .the time-of-flight spectrometry method was, used. 
•' . '• - . -- , . 

. 'l'he flight path V9.ried from .30 to 100 m and the· resolution V9.ried : ' . . . \ . " ' ·, ~ . . : . . : '.. ' '- ' ;.. . ' -... ; ' . ,; : . 

from 600 to 30 nsec/m. For measurements of the ( n , a ) reac-
. ! I • ' , , . '~ .• ·. . 

tion .c:ross ,sec~ions, , f.!·. , pa,rticlf?s were reco,rded by 4096:-channel 
., , ' , · I , , I 

time analyzers. For studies of the a -pa.:ticle spectra in indivi-

duaL res.onanc~s, a. mul~i-:dim.en$ional-,mag':'etic. tape .~:malyzE!r deve

loped in our Laboratory /
13

/ was ~~ed ~ic~· ~~~orded t~e time of 
. f· . . ,_ ' '~ • 

fligh,t (2048 channels), . the pul~e height (512 channels) and the 
•• ' i!- ; • • • • • • • • : • • ~ • • ' ' 

number of the detector (2-6). Targets c~:msisted of layers of the ',.' . ,' ' '·' ' ' ':'• 2' .:. ·' 
sample, as a ·rule, from separated isotopes from 0,2 mg/cm . (for 

' ' ' . ' ' ' . . 2 ·.: 
measurements. of the a -,particle spectra) to 5. ;. 10 mg/cm (for 

•' ' .. '.. . '. '. ' · .. 

registration of , a. partic~es) thick on an aluminium. backing. ;r'.11e 

energy ,r~solution of ionization chambers in ,operating. c;::onditions, 

on the reactqr _.beam, aGcounted f()r >''' 

8 ...; 10 MeV. 

200 kev· for Ea 

As an example of .our measurements, . in Fi,g. 2 ~nd 3 . yo~.·. 

can see the dependenc~ of the a . -p;:trticle yield. in the 1 ~ 7 Sm 

( n , a ) · 14 4Nd reaction on the neutron time of flight and . the 
' ,. "'- . ' . ' · 7 , I ; ' • ;'-; • ' .; ~ 1')! ,': i. · <'-: ,'~ 1( ~ 

a. -particle spectr:a i!1, individual. resonances of this reaction. 
. , . ' . . . . ~ : . • . : ' • t • 

It is . of interest that in the· time spectrum in the region ()f . a suffi-
• • • ' • ~- ', •• ' . • ! ~: f ·.: ! _, •• 

cient resolution all resonances known from measurements of other 

cross sections / 14/' showed up. In the . a .,.particle , ~-pe~~~~ :.: 
• . ; . . : . ' ': ; • ... ~ j' .. ; 

' . 

attention is drawn by noticeable fluctuations of individual . a . transi-
•. ; •. • :; .·: 'i" , .. ' ' ': I ~ •' 

tiqns: from resonance to. and no distinct ,• ' 
resonance 

predominance of the intensities of a transitions to the ground 

state as it 'is the case in the usual a decay of the ground states 

· of even-even nuclei, 
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In conclusion of the description of the experimental technique, 

I would like to note · that difficult background conditions often de

mand· considerable improvements in· the · equipment when beginning 

'measurements with another isotope with a lower cross section. 

.This noticeably affects the progress of investigations. 

III. Discussion of the Results 

After resonance neutron with zero orbital moment get captur

ed by the nuclei uri.der study, even-even nuclei in .excited states 

with two possible values of spin and parity, which coincides with 

the parity of the target-nucleus, are formed. For example, in the 

case of the Sm and Nd isotopes J 1T = 3- or 4-. In the 

overwhelming majority of cases, excited state. decays by emission 

of y ·rays,: and only with a relative probability of < 10-
5 

a decay takes place (Fig. 4). According to the rule of summa

tion of angular momenta and the law of conservation of parity, 

a decay to. the ground state 0" = o+) is possible only for 

rs-sonances with one of the possible spin values, say J 11
. = 3 • 

On one hand, this fact makes the analysis of the total 

distribution more complicated, on the other h.ct nd it proVides the 

experimentalist with a new method of spin identification of resonances. 
' - I '- • '· • ' ' 

So far we have obtained about fifty values. of total a -width . 

of the 149Sm , · t47S~ , 145 Nd , 143Nd · /9,15/ 95 Mo 

123 /16/ . 
Tc resonances; spectra of a particles of the decay of 

. . .. • 147 . 145 . 
13 resonance states of Sm and Nd have been measured. 

1) Partial a widths 

. Alpha-particle spectra shown in Fig. 3 permit us to observe 

a two-dimensional pictur8 of a decay by changing initial ( i ) 

7 



and final ( ) nuclear states. The ·partial a · widths measured 

exp.;ri~entally are determined by the pr.obability of. the a -particle 

formation at the 'surface of the:...comp~u~d ~ucleus (i-"~duced ·~artial) 
a widths . y !I j e ) . and by the fa,ctor of the nuclea:r Coulomb and 

ce;;nt~ifugat barrier penetrability ( p j e . ·.): 
.; 

r a I j = · 2 r Y; I j f p j f = 2 ·y ~ i j f p j f (1) 

Due to the fact that in experiment the contributions of a particles 

·vith. different :orbital moments e to- the i ... j transition cannot 
• 2 

l::e measured separately, we have to use value of·· Y a 1 l ave-

raged over . e qmitting index e . (formula (1)). 

When· analyzing partial reduced a widths in the 14 7 Sm 

( n , a ) reaction it should be noted that: 

.a) Resonances with E 0 . = 3.4; 29,7; 83,7; 123.4;. 

184 eV have a transitions to the ground state, consequently, 

their spins and ·particles J 17 = 3-. 

·b) For. the 184 eV resonance, the widths of the .partial. a 

transition to the ground state is 30 times as large as the value 

averaged over other resonances with the same value· of spin (and 

exceeds the maximal value by an order of magnitude). This is 

probably an indication of the fact that resonance wave function 

contains a substantial persentage of the admixture of· the two-quasi

particle component ~f the particle-particle type, see paper / 17/ by 

V,G, Soloviev. 

c) For the other resonances with J 17 3-. the average 

reduced partial a widths for transitions to the ground state are 

3 times less than those for transitions to the first excited state 

of the . daughter nucleus; this is appar~ntly a manifestation of the 

noticeable contribution of one-phonon types of excitation in resonance 

tat 
/17/ . . . . 

s es • 
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d) The reduced partial a -widths distribution is. described· 

better by the Prater-Thomas distribution with the number of degrees 

of freedom 11 = 2 than 11 = 1 (Fig. 5). This can be associated 

with the fact that in our case y; ll is averaged over e • For 

example, for 3- ... 2+ transitions (see formula (5) with = '1) 

this gives US II ef = 1~9 • 

. e) It is of interest to. compare reduced neutron and a 

widths for the nuclei studied; some time ago Bethe proposed to 

use experimental values o( reduce'd neutron 'widths f~r the esti

mation of' a wicHh~ /
18

/. The .data give~ in Table . ' permit a'ppa

rE:mtly a. preliminary cohdusion that f~r s~me nuclei . the ratio of 

the mentioned widths can be in the order a'f uruty to be drawn. 

2)· .Total a .. ·widths 

By· recording. the a -particle yield in individual resonances 

. we are ~ble' to measure total a . ' widths 

(2)'. 

Since now the :value of < y ~ 1 > is averaged not only over e but 

also. -over:the final states of a. decay (with weight determined 'by 

the relative quanti~ p l £ . ); the distribution of: total ('a I widths . 

. can also be approximated bY. analogy with partial widths to the. 

Porter-)'homas · distributi<;>~ with the average value 

(3) 



and dispersion 
-: ... 

n·<r· )'';, I:'n (r· · ·-> = 8 <y 2 ·>2 I. 
a . 1 f all . a 1-r 

this gives 

v 
e(· 

2 
2< ral > 

,. ·n ·<ra, ·> 
< ~f Pl e > 

2 

I, P2 
l e l e 

2 
P 1e 

; 

(4) 

(5) 

Fig. 6 presents: a) the experimental distribution of. total a 
.. , ', ' " . . · .. 't47' . ·" .... 

widths for resonances of the . Sm L (. n • a.·. · ) re~ction .. and the 
't . 

the~retical on_e . ~king account of t,wo possiiJle . spin value,s; b) the 

prob·"tbility for the resonance with a given value. of r a 1 to. have 
' .... l . ·~· • ; . - . • . . \ : : • : . ' ~ ' ' . 

J 11 = 3-. The widths lying to the left from the dashed line 

belong with the probability of Tf ·> 99o/o to resonances ·with 

J 11 = 3-. (for more details ~ee. /
19

/),. 

If we assume that the statistical . theory is valid. fpr the 

descriptkm of a decay of resonance states, then we can cal-

culate the average value of the total a width:. 

<r a > D 
217 

I 
1 e P 1 e (6) 

where· 0.. is. the average distance b_ehyeen res·onances ·with ··a 

given . yalu!? of. spin. and parity. ·When· calculatin<:5: P 1 f ·'in the 

quasi:-c!assical approximation (for- example _/
20

/) we. 'obtain: -the ' 

theoretical ,Vi;ilues <T a~ ·~<ra . >exJ) /16/~ Somewhat, better agree.:. 

ment with experiment-is achieved.: by the :penetrability calcW:a-· 

tions using the optical model /
19

•
21

/ {see Fig. 7) • 

.• . This is a brief account of the first . resUlts of the investi-

gation of the ( n, a ) reaction in the resonance neutron region. 
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IV. Problems and Perspectives 

The studies of a decay of neutron resonances have 
. . 

actually been just begun, but perspectives of the development of the 

new bra~ch of neutron spectroscopy are beyond any doubt. This 
. . . 

would permit neutron spectroscopy and conventional nuclear 

-spectroscopy, which has long been successfully dealing with 

the study of low-:-lying states of atomic nuclei,· to be still more 

closely connected, progressive experimental and theoretical app

roaches to be borre>wed, new information on the very process of 

a decay to be obtained etc •. 

Certainly, sma~ cross sections of the ( n , a ) reaction 

present great difficulties to experimentalists: pr~duction of high 

fluxes of_ resonance neutrons with a sufficient energy resolution 

creation of detectors a·nd spectorometers . capable of preserving 

their characteristics in high neutron and Y -ray fields; deve- · 

·lopment . o( spectrometric electro~ics . which can accept an over

load condition ·~tc. However, when one overcomes these difficul

ties it· will':be pos>ible to extend considerably the range of 

nudei under study and . to proceed to the solution of a number 

of interesting physiCal problems. 

· We have already started the searches for the ( n , a 

reaction hi the region of deformed nuclei in order to be able to 

study a decay of resonance states to the levels of the ro-

tational :· b~nd~ Here. even the value- of- v ..r for total · a . widths 

. ean" give 'infor~ation on the admixture of mtational type excita-
.• . _,. '.- .. 

tions in nuclear· resonance states. If the magnitude of this admix-

ture d~termines, in general, • the probability of transitiori to the 

levels of the rotati~nal band, then the values of y g 
1 

i for 
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different -states of one band will be correlated and will 

fluctuate With V ef 1. In the absence of such a correlation 

for some nuclei (for example, 6smium), probably · v ~~ · "' 4. ' 

-Attention should· be drawn to the fact that in futu~e when· · 

measuring a -particle spectra· in a wider . 'range .9! E a . . it : 

will probably. be possible to assess the .. shape of th~ nuclear -

potential and to notice irregularities weaker than . those which are . 

now supposed to explain fission from ·isomer.· states. · · 

The questions o( the influence of the orbital . moment . of the 

emitted a particle on ·the magnitude of redu~~d- · a' · · ~dth;, 'and 

also pair correlations (so far tl!ere have been contratlict~ry: 
opinions on this question) /

17
•
22

/ are to be· 'solved. 

The 'study of· the a -particle interaction with· nuclei w3ing 

the optical model . is gaining in importance not only for nuclear . 

physics.· but al 'SO for astrophysics. Here .• the (. n ' ~- ) reaction 

can yield uhique information on'. the imaginary part of. the optical 

potential especially for medium and heavy nuclei, to verify the 
i\"< 

presence of giant resonances in the strength' function f6r · a 

particles. No ·v the available experimental data lie in the region 

of minimum of the a -particle strength fi.mdion /
21

/. 'l'he · pr~sence 
of giant resonances. shifted along the scale of at6mic. ~eights 
for even and odd values of e will rriake' it possible iri a number 

of cases to judge about the parity of the state of the · daugfher 

nucleus resulting from a decay. 

Some nuclei after the capture of resonance neutrons have 
suffiderit energy to emit more complicated nuelei than a · particle; 

.. ·. t· 147s· (· . -sn ) t4oc. ·t· b 11" 1. thus tn · he · m n , e · e reac ton ery tum nuc et 

can emerge with the energy of 12 MeN. Heretofore ·our 

measurements in the 3:4 eV re.sonan'ce· have' only given the upper 

estimate: [' < 1 nanoelectronvolt. 
Be 
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More complete analysis of: experimental data; c~:m, _certainly, . 

· be. made by studying. simultaneously ·. a -partic:::Ie: and y -ray 

spectra and by investigating,_correlations of different partial widths. 

in individual resonances and resonance groups •. 

In conclusion, the .. author· would like to express ·his· sincere 

gratitude to I.M •. Frank, F.L. Shapiro and V.G. · Soloviev. for useful 

discussions and also to' .co-:-workers of the Laboratory C>f r-.:reu~ron 

_Physics . J., Kvitek, M. Stempinski, M. F;'lor.ek, M. Pshitula, R.F. Rumi, · 

V.G. Semionov, I. Wilhelm and V.I. Furii,lan whose results are used 

in this, paper.-
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" Table 

Comparison of reduced neutron and ~rtial a widths 

~ Wi 
95mo 123Te 143Nd 145Nd 147Sm 149Sm ... :.>15ao_ 

:.'(61 
·- .. 

·' 

< 0" 'VI,_'> 1.9 .::. 1.2 · ... 
•. 

. 4.3 1.9 5-0 1.9. . :o.23 
'•'' ~ . ". . : .. ' : ~~ . : ....... , ... 

.... 
en 

... .. ~· . .. ,• . . : .. ' ... : 
o'.o()'7::, .-' .. .. 

L '(~'> (f\1) 0 .21{5) 0.5(4).' . q.8(5):' 1~15(4) ·o .oa(9) ··o~~oo5 
r· ' (6) (2 •.' ........ .. ... ' . . 

~- y .. :~7 ~ y; '>· 0~05 0.26,; :0.16 · -o~6 · ·0.042 0.006 0.02 
JE) .. .. . ... . .. :; .. 

In brackets you can s~e·' the number .of ,widths: over which the av~ragi.ng :'V(as 
"".· . ''· . . .. . ~ . - . . . ; . . 

; .~: ·~ •. -· • >" ,·-I 

made. 
~. r: .... 

: ::. t ~'"·" 



. , ....... ~ 

.·.··:·· . 
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Fig. 1. ., 
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