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Abstract

It will be reviewed a current status of theoretical and phenomenological approaches to
investigation of dipole photon strength functions. The model of electric dipole photon strength
functions (EDPSF) depending on the temperature of gamma-transition final state is compared
with the phenomenological EDPSFs recently obtained by various methods. Special accent is put
on the results derived by a “model-less” analysis of two-step gamma decay of compound-states
created after thermal neutron capture by heavy nuclei. The conclusion on the dependence of
these strength functions on characteristic of final states is made. A necessity for development of
the consistent theoretical approach for description the dipole strength functions in the case of
deformed nuclei is discussed.
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1. Introduction

Slow neutron induced reaction (n,y) provides very detailed information on photon
strength functions (PSF) with E, < B,. In many cases it is possible to study gamma-decay of
individual excited (compound) induced reaction (n,y) provides very detailed information on
photon strength functions (PSF) with E, nuclear states with known Jn values leading to final
states with very limited range of Jm quantum numbers. In addition study of two-step (n, yo)-
reaction [1,2] and (n, yy)-decay [3-6] gives unique possibility to extract the information on PSF
for y-transitions between excited nuclear states important for verification of theoretical models
and many practical applications. During last decade very useful the results on the sum of mainly
dipole PSF were obtained with aid of two step reactions ("He, *He’y) and (‘He, He’y).

Below we consider mainly dipole y-transitions dominated in gamma-decay of compound states
created by slow neutron capture.

2. Gamma-transitions from compound states

Gamma-transitions from highly exited nuclear states could be analyzed ion the basis of
statistical model. We use below the approach proposed in ref. [7].

Wave function of compound nuclear state after neutron capture (neutron resonance — NR) could
be expressed in form [7]

N N
EREDI AR SN D
i=l Jj=1

where g lJ Tand §jj” are quasi-particle-phonon basic functions, the principal and small
components respectively.

N
Z:szl (x,>>%,) (2)

For an ensemble of NR the distribution of principal components has a form
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~ 2N(ﬂ_)N/2 ~ N 5
P(xl,...xN)—ir(N/z_H)&(l ;xi) (3)

In the limit of N=1 this formula describes a pure ensemble. So we can hope that for N > [ the
distribution (3) gives reasonable results. To estimate a number of principal components consider
a spreading of basic state giJ * over compound states A with the same quantum numbers Jr

T.dE,

P(E,)dE, = ; (4)
(E2)dE, Zﬂl(Ei_E,l)2+ri2/4J
here I; is a spread width of the basic state g ,J i
So 5 Fl.<DJ”(E/1)>
<X = 7, 2 (5)
27|(E, - E,)* +T7 /4]

4

Taking into account normalization condition for x; and natural assumption pOJ
derive that

I', >>1 we can

Jr

P = py" (6)

The last condition used really for all combinatorial calculations of level density. The Soloviev
quasi-particle-phonon model [8] reproduces in general experimental level density. It means that
I'; is comparatively small and a variation of level density within /; is small too. So we can

obtain e
N =<T; > p”"(U) (7)

Main contribution into normalization condition of ~ W’*  (2) goes from basic states with
the mean number of quasi-particles B "™
n=n=2gU) (8)

So it’s possible to show [7] that </7 >=1 MeV and N is the number of compound states at
spreading interval </ >.

As it’s follow from quasi-particle-phonon model a main contribution into normalization
condition of Y’  gives basic states formed by combinations of shell model states from last
unfilled shell near Fermi surfaces for neutron and proton systems (principal components) in the
energy interval:

AE =T, << ho, = 4147 (9)
A creation of quasi-particle with transition to adjacent shell needs in an additional energy more
than 7iw, and a number of quasi-particles of respective basic states became much lower (n~2)
than a mean number (8). So the density of such (small) components will be much lower than for
abovementioned principal components and its contribution to the normalization of compound
state  W’" will be very small.

There is evident difference [7] between y-transition from compound state ¢ to low lying
highly excited state ¢’ and y-transition from the same state ¢ to ground state or to other
comparatively “simple” (s) excited states lying above the ground one.

In case of (cc’) dipole y-transitions the operators of electromagnetic interaction E1 or

M1 should match two very complicated many component wave functions (WF).
In contrary for (cs) y-transitions the same operators have to ensure an overlapping of compound
state ¢ wave function and much more simple WF of low lying (ground) state s. Due to different
structure of WFs of the states ¢ and s PSF for (cs) y-transitions has to be different from PSF for
(cc’) transitions.
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3. Dipole strength functions in slow neutron induced reactions

The reduced width amplitude of y-transition of (A1) type (A=E or M) from NR c to final state f
could be expressed as [7]:

vy =W e ) (o)
Inserting in this formula WFs of states ¢ and f one has
N Ny
7¢f=Zfoyjmij ) (11)
i=1 j=1
where matrix element
m, =(g" m(ﬂ)‘ ’f”f> (12)
If (assumption 1) each basic function g j " of ﬁnal state f could be linked b the operator
m(Al)  with r (r>>1) (in average) functions g when each function g; " is connected by
the same operator with in average k functions g i "0 number of total links is
R=N,r= N k (13)

where N€ N is number of basic functlons g . satisfying of the respective selection rules.
So one can derives [7]

<7§f >:<m; ><xi2 ><J’,2->R=<m,]2»>V/N(14)

We see that the reduced width y’  does not depend on number Ny so it is valid as for
complicated states (c type) (Vs f >>1) as well as for extremely simple states s (IVy f=1). Of
course the approach [7] reproduces the dispersions of }/cf and its other statistical properties.

Up to now we considered only y-transitions related to links between principal components of
WFs of initial and final states. It’s true for M1 transitions because the respective operator is able
to connect most basic functions gli] " obtained by combination of p-h -configurations from last
unfilled proton and neutron shells.

The estimation of PSF(M1) made in [7] is

Jr

o <F >
S7 (Ml)_Tu(l +2)x10-8 MeV-3 (15)

Y
But for E1 y-transitions a situation is essentially different. The assumption 1 is not true. (c¢”’) y-

transitions connect excited states with opposite parity. The structure of such states are rather
different. Note that in the last unfilled proton (or neutron) shell there is only one state with
“abnormal” parity opposite to ones of all rest shell states and the difference 4J of its spin value
from spins of all rest shell states is A4J > 2.

Then NRs with parity of ground state 7, contain the principle components g ;77 formed by p-h —
configurations of shell states of “normal” parity and even Pp-h —combinations of shell states of
opposite parities. In contrary the basic components gl states ¢ or ¢’ with parity (- 7y ) include
odd number of p-h —configurations connecting shell states of opposite parities.

So E1 operator with symmetry I” could not realize links between most principle components of
states ¢ and c¢’. In this case EI y-transitions could go only through small components of WFs
related with p-h —transitions to adjacent shell.
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It is convenient to account for the effect of most contributing small components of WFs in terms
of GDR formed on the final state ¢’ (Brink hypothesis [9]).

In the standard approach the cross-section EI photo-absorption for nuclear state f has a
form [10]:

47e*hNZ E’T, 16

O-El(Ey)AB ch (1+§) (E; —Eé)z +E;l_,c2; ’ ( )
where F G and T G are the position and spread width of GDR. The PSF(E7) could be
expressed as 1

of _ fe
S}/ (El) —WO'EI(E},) . (17)
And ﬁnally Scf (El) 4e2NZ (1 é:) E},FG ( 18 )
=—)U+
T 3mmc’ha (E}-E.) +ET,;

In this approach there is no difference between (cc’) and (cs) y-transitions.
In the paper [11] there was made an attempt to account for PSF (1) a dependence on structure
of final state f.

In general on(E,) = —47re2E7 ImP(E,) ) (19)
where P(E )is a dipole response. By definition
ImP(E,) = Im P(-E,) (20)
If one use the response P" (£ y )related to the dielectric nuclear penetrability n(E,)
n(E,)=1+4rP"(E,) , (21)
and the analytic properties of this response are different:
ImP"(E,)=—-ImP"(-E,) (22)

The standard expansion of P(E,) is
ImP(E,) = -7y |d, | {6(E, ~ E, ~E,) + §(E, - E, + E,)} (23)

For P" (E y )the same éxpansion has an opposite sign before the second term in figure brackets.
In the last formula the dipole operator has standard shape

A N
zﬂzx Iy, (24)
A p=1 ’ An—l !

and E (E_) is an energy of ground 0 (exc_ited c) state. If using technique of strength function
to average the expansion (23 ) over the energy interval AE << E,, AE pc >>1 so one can obtain

Io(E)dE,
27(E, — E;)* +T2 /4]

If (25 ) insert into expansion (23) and account for only term with £, >0 we have:

(25)

YdE, =|d,|

dDC

Pe

#ldyo| T ( 26)

ImP(E )=—
2 27|(E, —E,)* +T2/4]
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But if for P" (Ey) one takes into account both terms in (23) so the following result could be
obtained [11]:

2
ldys| THE, Eg (27)
(B} —E;) +To(E; +Eg)/2

ImP"(E,) =~

The last formula provides explanation of E, dependence in numerator of ;f (E1) 45 [10].
Follow approach [11] represent the amplitude of reduced width of E1 y-transition from
NR ¢ to final state f by the diagram:

e

Here the solid lines correspond to initial and final states, the circle shows a fragmentation
amplitude of p-h-state formed on the state f'to decaying state ¢ . Analytically the amplitude (28)
has a form:

(28)

MCf (Ey) - Z Vc,fW' (E7)Aw" (E}')Xw" (E}') (29)

Here 4 ,(E,) isap-h proi)agator
n,—n,

A (E)= — , 30
w () E, +¢&,~¢&,+id(n,—n,) (30)

where v denotes a shell state with energy ¢,. The equation for vertex X - (E y)
XVV" (Ey) = d:v' + Z (Vph )vv’,vlv2 Av1v2 (Ey )‘valv2 (Ey) ( 3 )

includes the effective interaction in p-h-channel Vph and the matrix element of dipole
operator. The fragmentation amplitude could be linked to the width of composite state {fvv’}:

2r 2
L (E)=—"— : (32)
if 2 <D STer
~ 33
. T,.(E,)~T,(E,) (33)
F(E)<D">)"
Ve = e (34)
’ 2r
The equation for X (E,) has a solution [12]:
va’(Ey)zd:V’C(Ey) ’ (35 )
where
E’-g&]
0
ey (36)
with &, = E; . So y G

=S an (1-n,) (37)

Jr 1/2
L, (Ey) <D”" > 2¢,
E —E. %

Mcf(Ey)z( o
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and the average width has a form:

2

4e’E
T, (El)>=——<M> > (38)
Using the sum rule
NZ
d !2 E —& n —m,)=———- 39
2l [ (5. =200, —n) === (39)

we obtain v/
NZ 1—‘f (E;/ )80

SY(E )= Const 40
In Landau-Migdal approach [12] T, (Ey) has a form
I
[ (E,)~—=(E —47°T}) (41)
so finally we have Eg
 NZT(E:-47°T*(U,))

SY(E =3x107° 4 u 42

Sometimes it is more convenient to use another form:
. 0’7 O_mtl—\Z (EZ _ 47z,2T2)
S;/f(Ey)KMF = LI A / (43)

3n’h’c®  Eg(E; —E;)
The formulas (42-43) were derived for E <B, . In this energy range the ratio
E> —An’T}
SY(E,) a1 S7 (E, )AB~O7TE.}/ (44)
dependson £, and excitation energy U, .

It should be stressed that the formula for S g (E,) i Wwas obtained with some
approximations such as a reduction of ph-poles in the equatlon for VertexX (E ) to one
effective pole gyand an use for all indicated poles one spread width I (E )

These approximations allow one to describe some integral behaV1or of PSF and could
not pretend to reproduce a fine structure of the tail of £/ GDR such as for instance the pygmy
resonances or other weakly collective phenomena. But for analysis of primary E1 y-transitions
and total radiation widths this approach could be effective. It was confirmed in course of
following extensive investigations. ( See, for more detail the contribution of F. Bechvar at this
conference). It should be noted that the formula (42) was obtained for spherical nuclei and its
modifications for deformed nuclei has semi-phenomenological character.

3. Comparison with experiment

Here we have to confess that theoretical study of E1 PSF has been initiated by
experimental results [1,2] of Dubna group on investigation of the two step (n,ya)-reaction for
target nucleus '*Nd .The total width of this reaction could be expressed in form [2]:

=3 —ZS“’ [E1(MI), E, [ ED Y &( 45 )

EIMIJ} 7 Ko 7
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Schematically the spectrum of emitted a-particles is shown in left figure below

K N
= (n.
: 7%)
50
0%
2 40
 §
® - 20
107 LAy ] g
E,; E!f 3‘.‘;‘0 Ea

Fig. 1 Alpha spectra from 'Nd (n,ya)'*°Ce reaction

In the right part of fig. 1 the fit of a-spectrum measured in ref. [13] is shown. The fit gives
evidence of dominating the dipole (cc’) y-transitions in this reaction.

It was very important to study this reaction for different Jz states of compound nucleus
'4Nd. The ratio of Ffa /T ;a = w(Al) depends strongly on type of dipole (cc’) y-transitions.

For E1 y-transitions o(EVWV=T,/T,+T,)~4 (46)
and for M1 y-transitions

oM)=T,/T,+T,)~0.8 (47)

In experiment [2] the value of @(Al) was in between of these two numbers so with accuracy
of 30% for (cc’) primary y-transitions with E, < 2.5MeV

S(ED) ~ S¢(M1) = 0.8x10 Mey = (48)

This result revealed for the first time a strong dependence of dipole PSF on structure of the state
to which y-transition goes. L
Using the formula (45) for I, and calculating the transmission coefficients T, ,:a (Q,l(a )
for a-emission by standard method [14] it could be obtained [2] PSFg; shown below together
with other experimental data for '*'Nd.

Sy(EN Mo

10

109 TP e T S T L Ty
81 52 434445 1 2 3 4 SE744 & H3B

Fig. 2. Comparison experimental ( points with error bars) and theoretical PSF (E1)

Here the curve 1 corresponds to S;f (ED),5  while the curve 2 relates to S ;f (ED e
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It should be stressed that S ;f (ED) e reproduces here the experimental data
without any normalization. Due to rather good averaging over intermediate states ¢’ the
experimental PSF could serve as some kind of benchmark for this value.

Compare PSF S (E1) 4, for E,<B, [15]

Jr
< r}'cs > ~ 10—15 1_‘G

<DJ7[ >E5A8/3 212 (49 )
> E) MI—(E, IEg)

S“(E, <B,)=

with the experimental data on PSFg, (£,< B, ) compiled in ref. [16] . The results presented in fig.
3 show that S ;S (E1) - reproduces in general respective experimental values.

Sy 1
1€-13
1E-14 #Im{. 4 I

L 08 W
1E-15 !* t%ﬁ ; J t
1£-16 | I | 1 1 1 1 1 1 1

35 55 75 95 115 135 155 175 195 215 235A

Fig. 3 Comparison of experimental (triangles ) and theoretical(dots ) PSFg;. No normalization
used.

Jr
T >
<D >E;
S;c'(Ml)zS;S(Ml)z(1+2)X10_8MeV_3 (50)

The same has been done for S, (MLE, <B,)= . Note that in the

approach [7]

In figure below experimental data from [16] is compare with S;S (M1) normalized to the "Nd
data [2,17].

Syl
10

-

| ]
[ ==
L
T~
e

L
100 150 A

Fig. 4. Comparison the experimental [16] PSFyy; (Ey< Bn ) with the estimation from [7]
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An overall agreement for A > 90 is reasonable. It is clear that modern more precise data could
show some variations near the estimation (50) especially due presence of M1 GDR and a
closeness to magic shell numbers.

Using the theoretical strength functions [7,11] with above mentioned fixed parameters
there were calculated total gamma-widths [15] for some middle mass and heavy nuclei . The
results are shown in fig.5 below.

W/

15 +

LR

ost f | |

Fig. 5 The ratios (I7)“"/(I")"*"—~(upper part) and a relative
contribution to (I7)"*”" of M1 y-transitions (lower part).

An overall agreement is satisfactory excluding some near magic nuclei. One can see that the
M1 y-transition contribution to (17)"*” is essential one.

It is easy to derive the simple analytical formula for averaged total radiative widths of
NR using the same theoretical PSFs . Defining I, =T (E1)+T,.(M1) one can obtain [17]

3 2.3 1 U, Y
=29x%x -5 — < 51
[ (B =25x10 FG{SL(I—?,/\/aUC)Z (1—4/\/aUc)2\/aUC}L(I—S/\/aUC)Z}[a)meV Gh)

L. (M1)=91 U /a) meV (52)

1
(1-3/\JaU,)?

These formulas give correct enough results for all middle mass and heavy nuclei with standard
values of parameter a from the paper [18].

With the same PSFs many total y-ray spectra after thermal neutron capture were
calculated [19]. Some examples of the results obtained without any normalization to
experimental data are shown below in fig. 6.
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It is appropriate to note here that the same approach to the dipole PSFs and in general to
gamma-decay of compound states near neutron binding energy permits one to describe
successfully parity violation effects in total gamma-spectra [ BO1 .

WE]) WIE,}
i 3.54 1
0.4 Sia
0&f

03

02
o1

0.3
02

al

1.0
0_5L a5
00 A v, i oal_
34 56 7 8 OEMB 3
Puc.3
WE;}
- -
Mb
0.6 %
04 %
02 M e |
e et 3L 5 6 7 8 SEMB
g T T T Pic.6
Puc.5
Y
i _" AW :J::li-_-_-_- e I
T, 12 3 &£ 5 6 7Ee v 2 3 4 5 & 7 BEae

Pur 7 o &

Fig. 6. Total y-ray spectra: experiment -solid lines, calculations — dashed ones

During last two decades a lot of new information for primary dipole PSF was obtained via
studying of two step gamma cascades (TSCs) by Sukhovoi (Dubna) [3,4] and Becatr (Prague)
[5,6] groups. These relatively “simple” experiments need very cumbersome and sophisticated
analysis for extraction of phenomenological PSFs .The results of both groups obtained in
framework of different data analysis methods are different too.

In the papers F. Becar and 1. Tomandl a comprehensive description of TSC experiment and
their method of data processing is presented as well as the results obtained. Here we outline
schematically main ideas of TSC experiment and show very selective recent results of Dubna
group.

After applying some corrections the TSC raw spectra could be converted into the spectra
expressed via absolute intensities of respective y-transitions.
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o Laly
cyyf r‘cy F,-},
Really due to a finite energy resolution of used y-detectors there exists some averaging over

intermediate states i that results in additional ambiguities of data analysis. But it was created
some methods [6, 21-22 ] for extraction from TSC data a sum of

SE(EN)+ 5% (M1)

In the approach of Dubna group one manages to extract simultaneously [22] the level
density (LD) p(E") and the sum (54) of dipole PSFs. Some results from ref. [4] averaged over
many middle mass and heavy nuclei are represented below in figs. 7 and 8.

So ) (53)

(54)

EWEr-awen

oz =} =N ] -J:] 1R

avan-odd

N
.....
R ey

Fig.7.The ratios p(E")/exp(aE") from [4] in function of E, /B, averaged over all nuclei under
investigation.

The right part of this fig. (empty circles) corresponds the assumption of data analysis when
there is no difference in an energy dependence of PSFs for primary and secondary y-transitions.
In the right part of fig. 7 such difference is taken in account (full circles). One can see that the
details of LD irregularities ( step-like behavior) depend strongly on the type of nuclei ( compare
for example the results for even-even and odd-odd nuclei). Of course this dependence of LD
could be the result of the specific method data treating. But it is appropriate to note that the
results obtained with aid of very different method used by Oslo group show also some step-like
LD energy dependence (see respective papers presented at this conference).

The results for the sums of dipole PSFs (54) shown in fig. 8 could reflect in some extent
the step-like behavior of LD but in general they give definite indications on dependence of
on temperature of an intermediate level i in accordance with ref. [11]. It is more convincing for
even-even and even-odd nuclei.

Many arguments for similar conclusion were obtained by Prague and Oslo groups (see
respective contributions to this conference).

In fig. 9 it is presented one example of such results
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02 o4+ 0OE el -]

NEIHHMT, M

TN

Fig. 8. The averaged sums of dipole RSF from [ 4 ]. The legends are the same as in fig.
7. The lower curves correspond to S°'(E1) from [11] and the upper ones relate to the standard
Lorentzian shape [10]. Both curves obtained with S ;’ (M1) = Const .

function [MeV ™

ren

y—ray st

y—ray energy [MeV]

Fig.9. PSFs for "*%'*¥sm, "Dy, 146147Er and L2y, The full circles are experimental data.
The solid lines are a fit to the data using S}’ (E1) ~ from [11]and as S, (M1)

a spin-flip
GMDR plus a pygmy resonance.
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4. Conclusion

Slow neutron induced reactions (n, y), (1, y y), (n,ya) are the effective tool for study of
dipole PSFs that are in turn very essential as for deeper understanding of nuclear structure
as well as for many important applications.

The present theoretical models are unable to describe in detail all existing experimental
data on dipole RSFs. But the experimental data itself are in many cases non-selfconsistent
and need in essential improvement.

Taking into account all uncertainties of experimental data and theoretical models it is
possible to conclude that the statistical approaches are able to reproduce basic features of
phenomenological dipole PSFs. But detailed description of most precise experimental data
obtained with aid of modern powerful experimental facilities requires a further development
of very sophisticated microscopic theoretical approaches realizing at present in leading
research laboratories.
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