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The recent theoretical and experimental studies on angular and polarization correlations in
the differential cross sections for radiative neutron capture with direct photon emission

are reviewed. The discussion focuses on the problem of obtaining complete spectroscopic
information on p-wave neutron resonances, including the entrance-channel mixing

parameter.

INTRODUCTION

The study of the angular and polarization correlations
in radiative capture reactions parallels the work on the
problem of angular distributions in nuclear reactions. The
involvement in a reaction of several angular momenta with
the corresponding magnetic projections made the problem
complex at first. However, there was an encouraging fea-
ture arising from the natural connection between the an-
gular momentum and parity of nuclear states with their
symmetry properties under spatial reflections and rotations
and time reversal. In his work on the theory of atomic
spectra, Wigner' was the first to point this out, and he used
group theory to derive expressions for the angular-momen-
tum vector-addition coefficients. In studies begun in the
1940s (Refs. 2 and 3), Racah laid the basis for the alge-
braic theory of the transformation functions and irreduc-
ible tensor operators introduced for describing the angular-
momentum properties.

The first experimental results on the angular distribu-
tions were obtained in the late 1940s. As early as the be-
ginning of the 1950s the fundamental studies of Fano* and
of Coester and Jauch® appeared, which introduced the cus-
tom of using the density matrix of spin states and the ten-
sor formalism. The problem of the summation over mag-
netic quantum numbers was solved by elegant methods
which, unlike the previous ones, did not require compli-
cated calculations. Subsequent studies by Biedenharn and
Rose,® Simon,” Shirokov,® Huby,” and Goldfarb'® com-
pleted the construction of the formalism for describing an-
gular correlations in (n,7) and (p,y) reactions, and it came
to be referred to as the standard theory. Without mention-
ing the many other studies, we note the part of the widely
known book by Baldin, Gol’danskii, and Rozental’!! de-
voted to problems of polarization and nuclear reactions
involving photons. To the reader interested in later theo-
retical and experimental developments we recommend the
monographs of Ferguson'? and Gill® on angular correla-
tions in y spectroscopy.

The main purpose of the experimental studies in this
area was and still is to obtain spectrometric information on
the nuclear levels, and also to study the mechanisms of
specific nuclear reactions. The study of the angular distri-
butions of the y quanta of radiative capture of thermal
polarized neutrons has become an independent area of re-
search. It is in precisely this area that Abov, Krupchitsky,
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and Oratovsky have discovered spatial-parity nonconserva-
tion in nuclear interactions.'* The experimental effects of
these so-called P-odd correlations have turned out to be
small, on the order of 10~ %, but fully measurable. The
subsequent publications on this question are reviewed in
Ref. 15.

In recent years there has been renewed interest in the
problem of angular correlations, particularly in the spec-
trometry of y quanta from p-wave neutron resonances.
This is related to the experimental discovery in them of the
enhancement of spatial-parity nonconservation effects.'®
The measured longitudinal asymmetries of the total cross
sections have reached 10% (Refs. 17-20). Experiments to
seek violations of the time-reversal symmetry of nuclear
reactions have been proposed for these resonances.’!

At the present time the possibilities of the theoretical
interpretation of such experiments are limited by the ab-
sence of information on the spins, widths, and mixing pa-
rameters of the p-wave resonances in question. The angular
correlations and, in particular, the P-even effects in them
offer the possibility of obtaining such information. Below
we review the latest theoretical studies devoted to P-even
effects in the differential cross sections of resonance (n,y)
and (p,y) reactions. The first experimental results in this
area were obtained for (p,y) reactions, and we analyze
them for several examples. P-even angular correlations in
p-wave neutron resonances were until recently studied only
in the Laboratory of Neutron Physics at the JINR. Below
we describe the technique used to make these measure-
ments and give the few results now available for ''’Sn and
13Cd targets. There has not yet been a consistent theoret-
ical explanation of them within the framework of the stan-
dard resonance model. Therefore, the concluding section of
this review is devoted to the discussion of additional ex-
periments with polarized neutrons and nuclei which are
needed for a “complete” experiment allowing analysis
without the use of a dynamical reaction model.

1. PARAMETERS OF AN ISOLATED p RESONANCE.
CHANNEL MIXING

A typical picture of the differential cross section of
radiative neutron capture with direct ¥ emission is shown
in Fig. 1 for a low-energy p-wave resonance of energy E,,.
The standard parameters characterizing the resonance are
its energy E,, spin J, total width T', the total neutron width
I';, and the partial radiative width I",, for the transition of
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energy E,. The resonance is superimposed on the smooth
background of the s-wave cross section due to an adjacent
s-wave resonance or direct neutron capture. The cross-sec-
tion ratio 0,,(6,E,)/0,(6,E,) taken at the energy E = E, is
a natural experimental parameter characterizing neutron
capture in states with orbital angular momenta /=1 and
I=0.

Three angular momenta are involved in the entrance
channel of the reaction: the particle orbital angular mo-
mentum /, the particle spin , and the nuclear spin 1. There
are two commonly used angular-momentum addition
schemes: the representation of the total angular momen-
tum of the particle j and the representation of the channel
spin s. However, different authors use different orders of
vector addition in each of these schemes. We shall use the
order shown in Fig. 1. In the j representation the wave
function of angular momentum J will have the form
| (i) j,I;J), which corresponds to the fact that the orbital
angular momentum 1 is first in the sum 14+ i=j, and j is
first in the sum j + I = J. In this representation the p-wave
resonance is characterized by the neutron widths I',,; ,, and
[,3/2, so that the total widthis I', = T, + T3/ This
same addition scheme is also valid for the y if we formally
introduce its “orbital” angular momentum 1, added to the
photon spin 1 to form the total angular momentum usually
denoted not by j, but by L: 1, + 1 = Land L + I,
= J, where L is the multipole order of the photon and / i is
the spin of the final level of the product nucleus.

In the s representation we shall write the wave function
of angular momentum J as |/,(iI)s;J), which corresponds
to addition of the orbital angular momentum 1 to the chan-
nel spin s, which, in turn, is the sum i + I =s. Accord-
ingly, the two neutron widths I',; and T, appear. For
example, in the case of a target nucleus with 7 = 1/2 these
will be the widths I',y and I',,;. The equation for transform-
ing from one representation to the other in our case will
have the form

\L(iD)sdy= Y, SWUILjs) | (IDj1J). (1)
J

This transformation formula was obtained by Racah in
Ref. 3. The Racah coefficients W (liJI;js) entering into it
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FIG. 1. Typical energy dependence of the differential cross sec-
tion for radiative neutron capture near a p-wave resonance.

are tabulated in many studies, but they can also be repre-
sented analytically.!! When the order of summation of the
angular-momentum vectors is changed for a given coupling
scheme, the expression (1) changes, acquiring an addi-
tional phase and a different ordering of the vectors in the
argument of the Racah function. For example, the j repre-
sentation of the angular momenta coupled in the form |7,
();J) is transformed into the s representation | (/i)s,/;J)
according to the formula

|UDs, BNy =2, (— D' W UiTks) | LU, (2)
j

which is quoted in Ref. 10 with a reference to work by
Satchler.

The physical quantities which can be subjected to
transformations in theoretical expressions are usually the
amplitudes of the neutron widths, i.e., the square roots of
the corresponding widths: I" :,;2 and T}/ These have re-
cently excited particular interest because of the above-men-
tioned discovery of spatial-parity nonconservation in the
p-wave resonances of several nuclei. In experiments with
longitudinally polarized neutrons it was discovered that
the total cross section contains a pseudoscalar term:

o *=0o(1+Ps,k,), (3)

where 0y(E,E,) is the p-resonance cross section for an un-
polarized beam and the signs * correspond to the two
opposite projections of the neutron spin s on the direction
of the momentum k,. The helical asymmetry P is defined in
terms of the resonance parameters as (see, for example,
Ref. 17)
2 H FS 1/2
P ( E) _ psx 172 ~n )
E—E; \T?
(4)
o ( rnl/z) 172
V2 (Tmp + Ts) 2

where H, is the matrix element of the weak interaction
between the given p- and s-wave resonances, x=x, , is the
channel mixing parameter (henceforth we shall also use
the parameter x;,,=y), and E, and T are the energy and
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neutron width of the s resonance. It is therefore insufficient
to measure only the quantity P; it is necessary to know all
the parameters of Eq. (4), including the amplitude of the
neutron width (T',;,,)"? or the mixing parameter x,.
Resonances with a small value of this parameter obviously
do not induce a noticeable parity-violation effect even for a
large value of the matrix element H

The effect, mentioned in the Introduction, of the P-odd
asymmetry of ¥ emission in the direction of the neutron
spin and opposite it also requires additional spectrometric
information. It is described by an expression analogous to
Eq. (2) with P and k, replaced by P, and k,. In this case
the value of the P-odd asymmetry P, has the form (see, for
example, Ref. 15):

P,(E) 28y, (F‘;i)l/ZA(IJI) (5)
14 - Ep FS~ Wy f ’

where A(1,J,I) is the known spin coefficient and the am-
plitudes of the partial y widths (I'%,)!/? and (T,)"/* an

the level spin J require additional expenmental determma-
tion.

These examples, which do not exhaust all the require-
ments on the spectroscopic information on resonances,
demonstrate the need to develop real areas of fundamental
research to obtain this information.

At the present time this information is clearly insuffi-
cient, which negatively affects both the interpretation of
the P-odd effects and the planning of experiments. The
very limited data available on the amplitudes of the widths
and the channel mixing of a reaction have been obtained
from the angular distributions of elastically scattered
protons,zz’23 neutrons,24 and, very rarely, y quanta.25 There
is no such information for very weak low-energy neutron p
resonances of nuclei with 4 > 100. It seems to us that the
only real, but very difficult, method of obtaining such in-
formation is by study of the P-even asymmetries in (n,y)
reactions near the p resonance.

2. THE THEORY OF P-EVEN ANGULAR
CORRELATIONS

Using the representation of the neutron total angular
momentum (see Sec. 1) and following Ref. 26, we write
the differential cross section for radiative neutron or proton

a,= Z (
'

1)1 Ir+1-1/2+k+j— jI—l 1 lll:LL'/?'/iZ(lOIolko) [2+2

capture o(6,p) in the form of a traditional expansion in
Legendre polynomials:

2

A
o(6,p)= 7%+ Z (aiP (cos 6) + biP,Pi(6,9)) |.

(6)

Here the z axis lies in the reaction plane and points along
the beam, 6 is the angle between the directions of the par-
ticle momentum k, and the ¥ momentum k,, @ is the az-
imuthal angle measured from the x axis lying in the reac-
tion plane, P, is the projection of the incident-particle
polarization vector on the y axis, which is perpendicular to
the reaction plane, and P (cos ) is a Legendre polyno-
mial, for example,

P, (cos @) =cos 8; P, (cos 8)=(3)(3cos’f—1).

Finally, P,l((G,gy) is an associated Legendre polynomial, in
particular,

P} (6,p) =cos 0 sing.

The expansion coefficients a; and b, are functions of the
reduced matrix elements (amplitudes) of the reaction, and
in our representation they have the form

R=(pLIWJ"| |R| |liI"T™). (7

Through these amplitudes the coefficients a; and b, depend
on the neutron energy, the resonance parameters, and the
channel mixing.

To simplify the notation in the case of capture from s
and p waves with emission of ¥ quanta of multipole order
M1 and E1 we shall use a simpler notation for the ampli-
tudes, for example,

S=(M10+1+||R||0111 1+ );
+

Pip=(E10*17||R|133517);

Py,=(E10"1- ||R[1331-);

|P|2=|Py,|* + | P3|

Analytic expressions for the coefficients a; and b; have
been obtained in the form?®

— DB BRI WL 3 )

X (L1,L' — 1|kO) W ( jJj';Ik) W(LJL'J";I k) Re(RR'*); (8)

J6k
b= >

1~ 1+ 1 =IT= 7= G LL T (10,0 kO) [4 41 (

1)k+L+p+L'+p’]

X(L1,L' — 1| kO)Y W ( jJj'J';Ik) W (LJL'J'; Ifk)X(lz_],l' J';k1k) Im(RR'*), 9)
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where #' denotes summation over all symbols occurring
twice, with and without the prime. In these equations we
have used the standard notation for the Clebsch-Gordan
coefficients in the form of parentheses (L1, L' — 1| k0), the
9 symbols are written as X(...), and for (2k + 12 we
write k. In the numerical calculations we use the tabulated
values of the 9j symbols and the Racah coefficients, given,
for example, in Ref. 11.

As an example, let us consider neutron capture by a
nucleus with spin 1/2% in the state with J= 1, which
leads to the product-nucleus ground state with I7 = 0
(see Fig. 1). Only the coefficients aq, a;, a,, and b; remain
in Eq. (6). All the expressions become simpler:

2
a(6,p) =7 [ao + a; cos 6 + Pb, sin 0 cos ¢

+ a,P, (cos 0)];

(10)
3 > ) ,
=3 (IS1*+ [Pra|” + | P32]%); (10a)
3
ay=7 Re( —2SPY), — V2SP3)); (10b)
3 1
blzz Im(ZSP'l"/z—V—zSPg‘/Z); (IOC)

311 1
&=z [ﬁ (P 2P3, + PYoPsy) -3 |P3/2|2] . (10d)

The overall factor of 3 is the value of the statistical factor
g=(2J+1)/(2i+1)(2I +1). Although the notation
for the reaction amplitude in the form (7) implies a certain
parametrization, it is not related to the physical model of
the process. Therefore, Eq. (10) is valid for any reaction
with the values assumed in our example, namely, / =0 or
j=1LJ=1

With these assumptions, let us now consider the case
where only the p-wave amplitude of the reaction P; has a
resonance behavior, i.e., it is described by the Breit—Wigner
formula

P=Bx,P(E); B=[T,(E)T,]"*/(I/2);

J=1/2,3/2 (11a)

(E/EO)3/4
(E—Ey)/(L/2) +i°

In turn, the s-wave amplitude S’ has the standard energy
dependence:

S=S(E,)(E/Ey)"*.

Equations (10) are easily adapted to this case. However, it
is more useful to turn to the study of Ref. 27, also carried
out in the j representation and devoted to polarization cor-
relations near the p resonance. For the particular example
in question the following expressions were derived in that
study:

P(E)=

(11b)

(11c)
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o(kk,) =4 + 4 (kk,) + Bio[kk,]

+ 4,[ (k) — 1/3]; (12)
Ao=us|* + |u,|% (12a)
A;=(—2x+v2) Re(uuy); (12b)
B,=(2x+%y) Im(uu¥); (12c)
A2=—3(%+%yz)|up|2, (12d)

where u; is the s-wave capture amplitude, u, is the p-wave
amplitude, given by Eq. (11b) up to a constant, and
x=x,,, and y=y;,, are the relative amplitudes of the neu-
tron widths for the channels j=1/2 and j = 3/2 intro-
duced in Sec. 1.

We see that Eqs. (10) and (12) differ by the sign in
front of the amplitude P;/,. This is because of the reversed
order of adding the angular momenta j and I: the use of the
angular function |I,(/+1i)j;J) (Ref. 27) instead of
| (1 4+ 0)jI;J) for I=1/2, J=1 changes (owing to the
symmetry properties of the Clebsch—-Gordan coefficients)
sign in states with j = 3/2 but not in states with j = 1/2.

Keeping for definiteness the phase conventions of Ref.
27 but using our notation for the amplitudes, we obtain
expressions for P-even effects in a form convenient for
comparison with experiment. The effect of the left-right
asymmetry for § = 90° is described by the expression

o(m/2,0) —o(w/2,m) b,

P,[0(7/2,0) + o(m/2,m)] ao—ay/2°
(13)

The forward-backward asymmetry in the unpolarized
beam is expressed as

e"R(907) =

a(0) —o(m—0) B aj;cos @
0(8) +o(m—0) ay+ a,P, (cos 0)

£8(0) = (14)

Sometimes the angular anisotropy of the p component of
the cross section is also measured. It is given by
20(90°) ag, — ay/2
0(0) + o(m—60)  ag,+ (1/2)ay(3cos’0 — 1) °
(15)

Substituting the corresponding expressions for the expan-
sion coefficients, we obtain, for example, the forward-
backward effect

e72(0)

£4(0)=

3 ( —2x +2Y%y)BS,(E/E,) (E — E,)
"~ S°[1+4G,(6,E)/0,(0)][4(E — Eo)/T> + 1](T/2)’

(16)
where we have introduced the notation
_ 1 y2
o,(6,E)=P*(E) [1 — (72 xy + Z) P, (cos 9)] .
(17)
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In experiments the cross section 0,(6,E) is the average for
the angles 6 and 180°— 6. It does not involve the asym-
metry parameter ;. The energy dependence of the cross
section is determined by the resonance denominator

sponding to the ratio of the cross sections at the resonance
maximum

13(Eo) =0,(6,E)/0(6,Eq) (19)
0,(6,E)=0,(6,Ey) [4(E — E)/T* + 1]~ (18)
Introducing into (18) the experimental parameter corre-  and substituting (18) into (16), we obtain
1
12 1/2
o F_B=( —2x +2"y)(B/Sy)cos O(E/Ey) /“(E — EO)/(I‘/2). 20)

4(E — Eo)*/T? + 1 + LE/E,

It remains only to relate the coefficient B/S, to the parameter tf,. For this we find the theoretical expression for it using
Egs. (17) and (11) (the latter for E = E,, recalling that P, + P, =P):

£=(B/Sy)?*[1 — (xy/2% + (3*/4)P, (cos 6)]. (21)
Substituting the resulting expression for B/S, into (20), we arrive at the final expression (AE = E — E;):
— x + y/2"%)4tq cos O(E/E,)"/*(E — E,)/T
5 (—x + y/22) 41, cos O(E/Eg) "} (E — Ey) 2)

Proceeding in a similar manner for the left-right asymme-
try, we can express it as

(x + p/2%2) 2t40(E/Ep) '/

T+ xp/2V2 £ y/4) 2 [4AEY/T? + 1 + BoE/Eo)
(23)

In the subsequent equations the parameter #4, the square
root of the quantity defined in Eq. (19), is taken with the
same sign. This parameter describes the interference of the
s- and p-wave amplitudes measured experimentally. How-
ever, the measurements focus on the quantities x
= (Tp2/T)*and y = (T,3,,/T,) /% For this it is use-
ful to measure the anisotropy of the p-wave part of the
cross section. It is determined by Egs. (15), (10a), and
(10d) and is related to the parameters x and y as

14+ xp/2V2 + y%/4
1 — P, (cos 8) ) + xp-2°"%)/2

x*4+y?=1. (25)

Up to now we have used the results of calculations
carried out in the representation of the neutron total an-
gular momentum. Sometimes it is convenient to analyze
the measurements of the angular distributions in the chan-
nel-spin representation. This is particularly true of the
cross sections for unpolarized neutrons, when the contri-

L-R

£4(0)= (24)

A2 - , .
0(9’47):7 2 (_ 1)1+If+l +L +t+k—1—-5—L—-J —
74

Tl = P, (cos 0) (xp/2V% + y?/4) |2 [4AE*/T? + | + £E/Ey]

butions of the spin channels are incoherent. Of course,
using Eqgs. (1) and (2) and their analogs, we can trans-
form from one representation to the other. For our exam-
ple the corresponding expressions have the form

x1=(2/3)x15 4 (1/3) 2353

xo=— (1/3)"xy, + (2/3)%x3,. (26)

There are theoretical studies, for example, Refs. 28-30,
especially devoted to this problem and carried out directly
in the channel-spin representation.

For targets with spin / = 1/2 the neutron widths of the
p resonances are the sum of the widths I',)¢ I’ = 2T,
where the channel-spin index takes two values, s =0,1.
The corresponding channel mixing parameters are defined
as

x=(Co/TOY2,  xo=(T,/T,)"2

The authors of Ref. 28 derived a general analytic for-
mula for the angular distribution of ¥ quanta in the polar-
ized-neutron capture reaction. The authors worked in the
channel-spin representation for the following angular-mo-
mentum coupling: (I + i)s + / =J. The angular distribu-
tion was obtained in the form of an expansion in spherical
harmonics Y;,(0,p):

igtse PTXILL'T— %~ (¢7g0| kn) (10,I'0| gO)

X (L1,L' — 1|kO) W (sis'izIt) W (JLJ' L' I k) X (sU:s'I'T'518K) Y 1 (B,0) Py VAT

X[ 4L (= 1)E+P+L+P =K pL||R| | p'L'| |R||s'TT')*.
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The new quantity here, compared with Eqgs. (8) and (9), is
the polarization statistical tensor p,,. For a beam polarized
along the y axis there are two components, p;; = p;_
= Ip,, and for an unpolarized beam there is one: pgy
= 1/v2. In addition, the parity of an electromagnetic tran-
sition is determined differently: p = O for electric and p = 1
for magnetic transitions. The notation in the form (27)
automatically leads to real results in a calculation. The
apparent complexity of Eq. (27) is a consequence of the
more general approach to the problem. The same situation
occurs when the expressions from Ref. 29 are used; they
were derived in the channel-spin representation for the an-
gular distribution of ¥ quanta in resonance reactions for
arbitrary polarization in the entrance channel.

To those who use the channel-spin representation and
wish to have formulas almost ready for use, we recommend
the tables of Carr and Baglin®! for unpolarized particles
and those of Laszewski and Holt*? for polarized ones.
These authors have written the expression for the differen-
tial cross section as an expansion in Legendre polynomials,
for example, according to Ref. 32,

Az
0(9)—_, -2y Z c(v) Re(R*R,) |P, (cos 6),
’ (28)

and have tabulated the values of the coefficients ¢, (v) for
many sets of particle and target quantum numbers. We
shall use these tables in order to slightly complicate the
example of the simplest reaction, which is analyzed in this
section (see Fig. 1).

We assume that in addition to the earlier constraints of
a single p resonance, a single spin J = 1, and only dipole y
transitions, a d-wave admixture (/= 2) is allowed in the
s-wave “background” cross section. We denote its ampli-
tude by D,, noting that in our example the d wave can be
only in the state with channel spin s = 1. The coefficients of
Eq. (10) written in the s representation now have a larger
number of terms:

3 Px P PP
bi= Mlmls*(z wz)_ 1(’«5+7)];
(28c)

ay=3 [3 | P1|* — | Py|* — 3 |Dy|*> + V2Re(S*D))] .

(28d)

The interference term S¥D; in (28d) should be noted. It
describes the anisotropy of the y-quantum emission at neu-
tron energies away from the p resonance. The interested
reader can introduce the mixing parameter x, (s = 0,1) for
the p resonance into Eqgs. (28), which brings them to the
form (12) convenient for comparison with experiment.

3. THE (p,y) REACTION

The forward-backward asymmetry of ¥ emission was
first discovered and then studied for a number of nuclei by
proton-spectroscopy methods. In 1949 Devons®* gave an
example of a strong effect for y radiation of energy E,

= 17.6 MeV in the vicinity of the resonance of energy E,
= 440 keV (T" = 12 keV) in the reaction "Li(p,y)®Be. The
scheme for this reaction is almost the same as that in Fig.
1. The difference is in the values of the spin and parity of
the target nucleus, namely, I” = 3/2 ~ and, accordingly, in
the values of the channel spin, s = 1 and 2, and the y-decay
modes: an M1 transition at the resonance and an E1 tran-
sition away from it. Immediately the effect was interpreted
correctly as the result of interference of the resonance p-
wave and the background s-wave amplitudes for proton
capture with the emission of quanta of opposite parity. The
example became a part of monographs on nuclear reac-
tions.

In recent years the measurements have been repeated
many times, and in Fig. 2 we give the result of the latest
study.** The results of the polarization experiment of Ul-
bricht, Arnold er al.® for this reaction (see Fig. 2) with a
combined analysis of all the experimental data were pub-
lished only in 1977. As can be seen from Fig. 2, the left—
right asymmetry effect does not have the standard reso-
nance form, which indicates that the background
amplitude has a complicated structure. The authors of Ref.
35 gave the values of the resonance p amplitudes P; and

FIG. 2. Various terms [see Eq. (12)] in the differential
cross section for the reaction 'Li(p,y)*Be near the p res-
onance of energy E, = 440 keV.

110:%(|S,|2+|P0|2+|P1|2+|D1|2); (28a)
a;=3Re( — 65,PF— \3D\P}); (28b)
. - JF
N e B
O Q
3 : 1k At
Q251 <
: £ a 1 1
) -1l \j‘
1 d 1
400 E, S00E v 400 E;, 500 E kev
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P, and their phase relations. In their opinion, the s-wave
amplitude also has a resonance with energy greater than
E, by 60 keV. However, they did not make a direct com-
parison with the resonance model, and so did not notice
the unphysical behavior of the phase that they obtained for
the amplitude P, in going through the resonance. In a later
analysis of these results, Barker and Ferdous®® demon-
strated the error in the signs of the polarization terms of
the equations of Ref. 35. They presented arguments in fa-
vor of opposite signs of the amplitudes P, and P,. The
experiments and analysis have not been repeated since
then.

Some years later resonance P-even effects were discov-
ered in (p,y) reactions on '2C and '*C targets. In Ref. 37
both effects were measured in the vicinity of the resonance
E, = 14.23 MeV. Only a single spin channel is possible for
the even—even target nucleus '2C. The resonance parame-
ters[', = 0.8keVandJ” = 3/2~ were known before, which
made it possible to study the structure of the background
amplitude and to show that the d wave dominates over the
s wave in it, as expected theoretically for the giant-reso-
nance region.

The results of measurements in the vicinity of another
narrow resonance of the >C nucleus at energy 1.7 MeV are
given by Brown et al. in Ref. 38. Here also large P-even
effects €78 and £'R were found. After the corresponding
analysis it was concluded that the experimental results can
agree with the theory of angular correlations only if the
amplitude of the nonresonance direct capture from the d
wave in the state D(3/2 1) is taken into consideration.

Interesting preliminary results for €72 and £'R in the
reaction *C(p,y)"N in the vicinity of the resonance at
3.15 MeV were communicated by Weller et al.* The spin
and parity of the target nucleus were / = 1/2~, those of
the product nucleus were I, = 17, those of the M1 reso-
nance were J” = 271, and the photon energy was E,q
= 10.4 MeV. Therefore, the single spin channel s =0 is
involved here, but £1 (M2) and M1 (E2) multipole mix-
tures are possible in the exit channel. After preliminary
analysis of all the experiments it was not possible to choose
a unique set of amplitudes. Let us now consider the results
and methods of analyzing the (p,y) reaction amplitudes
used in Ref. 40, which is devoted to study of amplitude
interference effects in the giant-resonance region at higher
energy.

Summarizing this section, we can state that there are
still few experimental studies on P-even effects in (p,y)
spectroscopy. The only completed study specially devoted
to investigation of the entrance-channel mixing in the
(p,y) reaction did not give definite results. In connection
with this, the (n,y) experiments described below become
more important. So far they have been carried out by only
a single group, and the publications do not contain the
details of the experimental technique. Here we attempt to
remedy this deficiency.
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4. THE (n,y) REACTION
Basic relations

The amplitudes of the neutron widths F},{z in (n,y)
reactions can be determined from three experimental rela-
tions: the left-right asymmetry e*® in a polarized neutron
beam, the forward-backward asymmetry €72 of the y
yields relative to the direction of unpolarized neutrons, and
the p anisotropy of the p-wave part of the cross section
€2, For measuring e'® the detector is located in the plane
perpendicular to the neutron polarization vector, to the left
of it and the beam direction, at an angle of 90° to the latter.
At regular time intervals the polarization direction is re-
versed. Then 'R at the p resonance is defined as

e"R(E)=[N*(E) =N~ (E)I/IN*(E) + N~ (E)1fn

Here N*(E) are the detector counts corresponding to the
two directions of the beam polarization and f, is the value
of the polarization. We note that changing the sign of the
polarization is equivalent to moving the detector to the
right of the beam. The forward-backward asymmetry at
the p resonance is measured for an unpolarized neutron
beam and is defined as the difference between the numbers
of ¥ quanta emitted from the target at angles 6 and 180°
— 6 to the beam:

F(E,EY=(1/Am) exp[ — (E' — E)*/A%].

The anisotropy ¢, is defined as the ratio of the areas of the
p resonance for the detector located at an angle of 90° to
the beam and half the sum of the areas of this resonance for
detectors located at the angles 6 and 180° — 6:

e"B(6,E)=[N(6,E) — N(180° — 6,E)]/[N(6,E)
+ N(180°—6,E)].

The reactors

All the experiments were carried out by the time-of-
flight method in the beams of the pulsed reactors IBR-30
and IBR-2 of the Laboratory of Neutron Physics at the
JINR. The IBR-30 operated in two modes: the reactor
mode and the booster mode, i.e., with breeding of neutrons
from the target of the linear electron accelerator LUE-40.
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FIG. 3. Neutron spectrum of the beam filtered through a 5-cm lead filter
and a 5-cm aluminum filter. On the vertical axis are counts of a detector
of efficiency €(1) = &(A¢)A/A in relative units; ¢ is the number of the
encoder channel of width 64 usec.
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FIG. 4. Neutron-beam spectrum after a reflecting neutron guide tube and
filtration. The width of the encoder channel is 128 usec. On the vertical
axis are the counts of a detector (a boron counter) of efficiency (1) = [1
— exp( — 0.074)], where A is in units of 0.1 nm.

In the reactor mode for an average power 20 kKW with
burst duration 70 usec and frequency 4 Hz the spectral
density of the neutron flux at the location of the sample (35
m from the active zone of the reactor) was 3
X 10*/E%% eV~ l-cm~2-sec ! (the energy is in eV). In
the booster mode for an average power 10 kW neutron
pulses of duration 4.5 usec were spaced at intervals of 100
Hz. Measurements of the asymmetry 2 on !!Sn at epi-
thermal neutron energies were made at the reactor IBR-2
at a mean power of 2 MW. The experiments were carried
out in two neutron channels having maxima of the neutron
spectra at different energies. An example of a time-of-flight
spectrum characteristic of the evacuated ninth channel of
the IBR-2 is shown in Fig. 3. The spectrum was obtained
for a path length of 39 m by detection of the ¥ line of nickel
with E, = 9.0 MeV by an Nal(TI) detector. The width of
the time-encoder channel was 64 usec. Resonance, epither-
mal, and thermal neutrons are present in the spectrum.
The duration of the power pulse of the IBR-2 of 215 usec
at a frequency of 5 Hz limits the neutron energy resolution
~5 eV for this path length. Measurements using slower,
cold neutrons were carried out for a path length of 24.6 m
of the fifth channel. This channel had a curved reflecting
neutron guide tube, which cleaned the beam well of epi-
thermal and fast neutrons, and also ¥ quanta from the first
power satellite in the range 1.05-1.1 nm. The satellites are
periodic increases of the power of the pulsed reactor be-
tween the main bursts. After the installation of a 20-cm
thick lead filter the background was eliminated at the cost
of a 4-fold loss of intensity. An example of a time-of-flight
spectrum of this beam obtained in the fifth channel of the
IBR-2 is shown in Fig. 4.

) lun]u
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FIG. 5. Geometry of the experiments for measuring e*R: T—target; D,
and D,—detectors. The rest is explained in the text.

The experimental scheme

The left—right asymmetry of the ¥ yields in the reac-
tions 117Sn(n,}/) and 113‘Cd(n,)/) were measured by the
time-of-flight method in the polarized neutron beam of the
pulsed accelerator IBR-30. The experimental scheme is
shown in Fig. 5. A polarized beam of resonance neutrons
was created by passage through a polarized proton
target*'™* with a roughly 10-fold loss of intensity (Fig. 6).
The target was a monocrystal of double lanthanum-mag-
nesium nitrate [chemical formula La,Mg;(NO;),,24H,0]
of area 25 cm? and thickness 17 mm, in which the protons
of the crystalized water were polarized by the “solid effect”
(see, for example, Ref. 44). The magnetic induction at the
target was 2.0 T and was directed perpendicular to the
neutron beam. The neutron-polarization method is based
on the fact that the cross section for neutron scattering on
the proton in the triplet state (parallel spins) is about 3
times smaller than in the singlet state (antiparallel spins).
As a result, the beam after passage through the proton
target is polarized in the direction of the proton polariza-
tion. The value of the neutron polarization f, was deter-
mined by measuring the transparency of the proton
target*! to neutrons of energy E~1 eV using two monitor-
ing counters. One of them was placed in front of the proton
target, and the other behind it. The value of the neutron
polarization obtained in the experiments was 0.57 +0.02.

As can be seen from Fig. 6, the neutron polarization
vector after passage through the proton target lies in the
horizontal plane. To measure the left-right asymmetry the
polarization vector should be perpendicular to the plane of
the (n,y) reaction. In our experiments this was the hori-
zontal plane, which means that the polarization vector had
to be vertical. This was done as follows (see Fig. 6): the
polarized neutrons were passed through the gaps of two
identical electromagnets with magnetic field B~0.02 T.

9
FIG. 6. Schematic view of the polarization setup: 1—
reactor; 2—neutron guide tube; 3—shield; 4—proton tar-
get; 5, 7—electromagnets with horizontal magnetic field;

6—current foil; 8—collimator; 9—location of magnet
+- with vertical field or solenoid. The arrows indicate the

directions of the magnetic fields.
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FIG. 7. Geometry of experiments for measuring e*5; T—target; D,
D,, and D;—detectors. The rest is explained in the text.

In the first of these magnets the field was parallel to the
field at the target. The field of the second magnet could be
switched on parallel or antiparallel to the field at the target.
A foil with current generating a field B ~ 5 X 10~3 T on
its surface was placed between the electromagnets. On the
side of the first electromagnet the field of the foil was par-
allel to the field inside it. If the fields in the electromagnets
were parallel, then at the exit from the second magnet the
direction of the neutron spin coincided with the field di-
rection. If, however, the field in the second magnet was
antiparallel to the field in the first, then a field gradient
with alternating sign was created on the surface of the foil.
This jump creates the conditions for nonadiabaticity of the
transmission for the neutron spin; in other words, the neu-
tron spin cannot be rotated along the field after the foil.

As a result, at the exit from the second magnet the
initial spin direction is preserved, and the direction of the
polarization vector relative to the field direction is re-
versed. For rotation of the polarization vector into the
vertical plane after the second electromagnet another mag-
net was used. The field in it was of the same strength, but
pointing in the perpendicular direction, and the direction
was not changed during the experiment. In the gap be-
tween the second and third magnets the spin was adiabat-
ically rotated by 90° into the vertical plane above or below,

depending on the direction of the field in the second elec-
tromagnet. Therefore, the polarization vector was reversed.
After the third electromagnet there was a magnet system
with a guiding field for transporting the neutrons to the
samples, which were located at a path length of 35 m.
Replacement of the 90-degree rotation segment by a sole-
noid made it possible also to obtain longitudinally polar-
ized neutrons for experiments on parity nonconservation
(see Ref. 43 for details).

The forward-backward asymmetry of the y yields
in the reactions ''*Cd(n,y) and '’Sn(n,y) was mea-
sured by the time-of-flight method using the unpolarized
beams of the reactor IBR-30 operating in the booster
mode, and later at the IBR-2. The detector scheme in these
experiments is shown in Fig. 7. Various path lengths from
38 to 56 m were used.

SF -B

The detectors

The y quanta of the direct transition with E, = 9.04
MeV in the reaction '*Cd(#,y) and with E, = 9.32 MeV in
the reaction '"’Sn(n,y) were recorded by Nal(TI) detec-
tors (with PM-49s) of diameter 200 mm and thickness 200
mm. The detectors were surrounded by a shield of lead and
paraffin with boron. In addition, cassettes filled with
8Li,CO; were placed all over the entire cylindrical surface
right up to the crystal. A slab of paraffin with boron of
thickness 10 cm was also installed in front of the collimator
of diameter 160 mm at the entrance to the detector to
eliminate direct detection of fast neutrons. The energy res-
olution of the crystals made it possible to distinguish the
direct y transitions of interest with £, = 9.04 MeV in
114Cd and with E, = 9.32 MeV in 11881 from y transitions
to the first excited levels of the residual nuclei with E,
= 8.48 MeV and EY = 8.50 MeV, respectively.

Examples of the amplitude y spectra obtained on
78n and '3Cd are shown in Figs. 8 and 9. For the statis-
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FIG. 8. Segments of the amplitude spectrum obtained
with an Nal(TI1) detector after 20 hours of measure-
ments for thermal neutrons: darkened points—
0 spectrum of the '’Sn sample; circles—background
from the carbon sample; N,—line from nitrogen in
air; N—number of counts; A—channel number.
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FIG. 9. Segments of the amplitude spectra of the ''*Cd sample obtained
with an NalI(T1) detector: 1—for neutrons with E = 1-4 eV, right-hand
scale; 2—for neutrons in the resonance region 6.8 < E < 7.8 eV, left-hand
scale.

tical normalization of individual measurements we used a
monitoring counter of the direct beam BF;. The rather
poor stability of the amplification of the NaI(Tl) detectors
led to a systematic error, in addition to the geometrical
asymmetry, in the measurement of £FB. To estimate its
value we made some additional measurements with a more
stable Ge(Li) detector. The results of the measurements in
the neutron energy range surrounding the entire thermal
peak are shown in Fig. 10.

The detection electronics

Signals from the detectors were sent via the linear am-
plifiers by cable from the experimental hall of the IBR-30
or IBR-2 to the computational center of the Laboratory of
Neutron Physics on the ACOR (“angular correlations™)
measurement module based on the SM-1300 computer
(Fig. 11). The signals reached the input of the amplitude
encoders (AC) (Ref. 45). The y spectra were usually ac-
cumulated in 16 time windows (in 32 windows in the sep-
arate measurements using ''3Cd) by means of a digital
window block (DWB) (Ref. 46) and held until they were
written on the disk in an external 16-bit CAMAC 32 K
memory. The electronics were triggered by start pulses

with the same frequency as the reactor operation, which
were fed to the input of the time encoder TCP-5. The
marking of the time-of-flight spectrum into segments—
time windows—was done by measurements of the time
spectrum. After marking out the time spectrum the bound-
aries of the time windows and memory segments for dif-
ferent detectors were specified for the digital-window
block. The time windows could have arbitrary duration
and location. The width of a channel in microseconds was
specified by the TCP-5 encoder. On-line data sorting was
done by means of original FORUM programs (developed
by T. Khrykina) and, later, CPN programs (Ref. 47). The
programs allowed us to monitor the collected data and to
do some very simple processing of them. The rest of the
processing was done using the main PDP-11/70 computer
of the Laboratory of Neutron Physics and the personal
computer Pravets-16.

The background conditions

In the expressions of the preceding section for e'R,

eFB, and €, N or N* are understood to be the numbers of
counts of ¥ quanta arising in a direct transition of the
compound nucleus to the ground state. In any case, these
numbers also contain counts from background y quanta,
which must be subtracted. From these expressions it is
clear that incorrect inclusion of the background can lead,
first, to a false effect (numerators) and, second, to an un-
derestimate of the true size of the effect (denominators). It
is therefore important to lower the background as much as
possible and to make it as symmetric as possible for the two
detector positions. Different components of the back-
ground play the dominant role, depending on the type of
neutron guide tube (a curved reflecting one or simply an
evacuated one) used. For example, a reflecting neutron
guide tube cleans the beam well of fast neutrons and y
quanta from the active zone of the reactor. In any case,
there is a constant background between reactor bursts, the
background from the scattered neutrons and y quanta
from neutron capture by the equipment surrounding the
detector. It can be suppressed by means of a lead shield and
materials containing boron and °Li. The remaining con-
stant background is measured in a time window far from
the resonance between reactor bursts. The variable compo-

N
4,303 MeV 8,814 MeV 9,325 MeV
I
1800 |- |
* |
. |
1200 * ’ FIG. 10. ¥ spectrum of ''’Sn obtained at the IBR-
2 with a Ge(Li) detector.
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nent of the scattered-neutron background related to the
burst can be measured by placing an equivalent carbon
scatterer at the location of the sample. In the measure-
ments with ''>Cd the background was determined using a
resonance filter. The beam always contained a sample of
metallic tantalum, which completely extracted, from the
beam, neutrons of energies 4.3 and 10.3 eV. This made it
possible to interpolate the background near the resonance
studied at 7 eV. The time-of-flight spectrum obtained in the
measurements with !13Cd is shown in Fig. 12. In the mea-
surements with ''7Sn the background was measured by
alternately replacing the sample by an equivalent scatterer
and a rhodium resonance filter.

The apparatus asymmetry

Inaccuracy in the geometrical alignment of the detec-
tors, a difference in their efficiencies, and background all
lead to systematic error in the determination of the mag-
nitude of the effect. Allowance for the apparatus asymme-
try is especially important in the measurement of small
effects (when the estimated systematic error is of the order
of the expected effect). As a control, the working sample
was replaced by a sample which does not give the physical
effect, so that the effect measured with the latter can be

W,
0°|  Tamiev Cdzoev Ta 4,7 eV [
90 - I ‘ |4
] '\/"’-\ H
Y LR
30 1 L L I
250 300 750 400 450 t

FIG. 12. Time-of-flight spectrum obtained using a tantalum filter for the
3Cd sample. The detection threshold is 2 MeV, and the width of the
encoder channel is 4 usec.
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FIG. 11. Electronics scheme of the ACOR module for experi-
ments to measure e-® and £FB: LA—linear amplifier; CB—
block for controlling and encoding the detector number. The rest
is explained in the text.

attributed completely to the apparatus asymmetry. It is
important that the control sample give a y transition with
energy close to the one studied. For example, in the mea-
surement of effects on ''’Sn in the direct ¥ transition with
energy 9.32 MeV natural iron was used, which contains an
isotope with a y-transition energy of 9.3 MeV. The control
can also be achieved using one of the softer y lines of
secondary transitions with high intensity 7,, i.e., a large
number of ¥ quanta per 100 entrapped neutrons, if such
exist. Of course, such a line must not correspond to the
physical effect. For example, for !'’Sn the ¥ transition with
energy 1230 keV and /,, = 48 + 8 can be used (Ref. 48). In
this case the working and control measurements must be
carried out in parallel, without changing the sample.
Instability of the amplification of the detector signal
also leads to distortion of the magnitude of the effect, since
it complicates the calibration. In this case errors can arise
in finding the limits of the summation in the y spectra in
obtaining N(E) or N(6,E). For example, in our experi-
ments with ''’Sn a shift of the energy summation interval
in the spectrum of one detector relative to the other by a
single channel (~43 keV) led to a false effect £~0.01 at a
working threshold of 8.5 MeV. It is especially important to
eliminate this error in the measurement of small effects.
Therefore, even when stabilization of the amplification oc-
curs in the system it is useful to make measurements in the

L-R
0,6
0,4

T T 1

-0,2

-0,4

T

JE |

1% 1,6 8 2,0E, eV

| W S TN NS GO S T S |

0,8 1,0 1,2

FIG. 13. Asymmetry 'R for !'7Sn in the vicinity in the resonance at 1.33
eV. The smooth curves were calculated; see Sec. 5 for the explanation.
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thermal spectrum with the more stable Ge(Li) detector to
use it to normalize the results of the measurements with
the Nal(T1) detector in the epithermal region.

In measurements of eX® by a single detector it was
practically unnecessary to take into account the apparatus
asymmetry, since it was not necessary to change the posi-
tion relative to the beam, and the variations of the condi-
tions in the rapid reversal of the polarization vector had
identical effects on the y spectra for the two polarization
directions. However, measures were taken to screen the
scintillation detector from the channel magnetic field,
which affected the PM amplification coefficient.

Conversely, measurements of e“R required accurate
inclusion of the false asymmetry. In our experiments both
with !'3Cd and with '"Sn the apparatus asymmetry was
measured using a disk of ordinary iron at the location of
the sample. The iron does not produce the physical effects
e"R and €8, so that the asymmetry obtained in the direct
y transition with E,, = 9.3 MeV corresponds entirely to the
apparatus asymmetry. However, it is possible to have an
error in the sample replacement, and, moreover, measure-
ment of the false asymmetry takes time. Therefore, in the
experiments with ''’Sn using the IBR-2 we monitored the
apparatus asymmetry also using the y transition with
E, = 1230 keV to the ground state of ''*Sn. The high in-
tensity of this transition allowed us to simultaneously nor-
malize the spectra in the intensity. The measurements were
made with a Ge(Li) detector.

The data processing

The measurements of €“"® and €2 at the IBR-30 were
done near the p-wave resonances with E, = 7 eV for
13¢d and E, = 1.33 eV for !'’Sn. In addition, for !'’Sn in
the IBR-2 reactor we measured 7P in the neutron energy
range 0.005-3 eV (Ref. 49). At the IBR-30 reactor mea-
surements of "R were made using metallic samples of
cadmium (95% !'3Cd) and tin (91% !'’Sn) for path
lengths of 52 and 58 m, respectively. The experiments to
measure e“'R were carried out on a path length of 35 m. To
record the y quanta of the direct transitions with E,
= 9.04 MeV in '"*Cd and E,, = 9.32 MeV in ''®Sn at differ-
ent times we used one, two, or three Lal(Tl) detectors.
The detectors were located at angles of 45, 90, and 135° or
55, 90, and 125°. The angles 55 and 125° were chosen be-
cause for 6 = 54.7° and 0 = 125.3°, as seen from the ex-
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FIG. 14. Asymmetry €2 for !'’Sn near the resonance at 1.33 eV.

pression for the differential cross section o(0,p,E),
P, (cos 0) vanishes, and this simplifies the expressions.
The initial data for processing were the 16 (or 32)
amplitude ¥ spectra. They included the segments of inter-
est of the time-of-flight spectrum for calculating the left—
right and forward-backward effects and the background
segments. In addition, there were the analogous y spectra
obtained with the iron and carbon samples. In the process-
ing we first normalized all the ¥ spectra to the same mea-
surement time. In the cases where the asymmetry 7B was
measured by only a single detector, for the normalization
we used the data of the beam-intensity monitor. Then we
subtracted the backgrounds, determined by the procedure
described above, from all the needed y spectra. After this
the asymmetry e"R or £F® was calculated using the ex-
pressions given above. For this we first did the energy cal-
ibration of the amplitude spectra, and then we took the
sums in the intervals of the needed y lines. Usually inter-
vals of 8.5-9.7 MeV were selected for the spectra from all
the detectors. In the measurement of £FB the same proce-
dure was performed for the ¥ spectra obtained with iron in
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FIG. 15. Asymmetry 'R for ''>Cd: 1 and 2 are the calculated curves
(explained in Sec. 5).
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order to take into account the apparatus asymmetry. In
processing the results of the measurements of £FB(!17Sn)
at the IBR-2 the normalization of the individual measure-
ments made at different angles and the inclusion of the
apparatus asymmetry were done using the soft y transition
with E,, = 1230 keV to the ground state of 11881 and using

—J
E,; keV 9325 8095 7565
Ej, keV 0 1230 1760
Jr o+ 2+ ot
I 3.0%0.5 0.36+0.1 <0.1

Here the probable values are given in parentheses.

The results of the measurememts of “} and 2 for
1178 are shown in Figs. 13 and 14, and for ''>Cd in Figs.
15 and 16. In addition to the values of e} and £ for tin
and cadmium, in the processing we obtained the values of
the angular asymmetry of the p-wave part of the cross
section 8;(9). For '"Sn, eg was determined for the angle
6 = 45°, and for 3Cd it was found for 8 = 55°. For tin the
vy spectra at different angles were normalized to the same
number of counts in the thermal energy region, where the
angular distribution was assumed to be isotropic. The time-
of-flight spectrum thus obtained for '"’Sn is shown in Fig.
17. We note that Fig. 17 is constructed from the data
obtained at the IBR-2, and in analyzing it, it is necessary to
take into consideration the fact that the time resolution of
the IBR-2 spectrometer decreases the observed peak y
yield by a factor of 2.

For '3Cd the thermal spectrum was absent, and there-
fore we normalized to the s-wave substrate, assuming that
it is isotropic. An example of the corresponding spectrum
is given in Fig. 18. The areas under the p-resonance curves
N(90°) and [N(6) + N(180° — 0)]/2 were calculated over
the smooth s-wave background for both of the resulting
spectra.

The last stage of the processing was the inclusion of the
Doppler effect and the resolution function. For these cal-
culations we used the values of the p-resonance parameters
for 1'7Sn and ''3Cd from Ref. 50. They are given in Table
I (the error in the last significant digit is given in paren-
theses).

For the effects e/'® and €58 in tin the Doppler shift

A= (kTegEo/4)"?

is small (=0.035 eV for I' = 0.18 ¢V) and is of no prac-
tical importance. For '*Cd, A = 0.08 eV for I’ =0.16 ¢V,
so that it is not necessary to include the Doppler effect. In
this case the theoretical and experimental data were com-
pared as follows. First, having calculated the tabulated
value of the Doppler function v, at the center of the res-
onance, from the experimental time-of-flight spectrum for
6 = 90° we reconstructed the theoretical curve of the cross
section near the p resonance. Then, using this curve to find
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the measurements with the Ge(Li) detector and time win-
dow encompassing the entire thermal spectrum.

The intensities of direct M1 transitions in thermal-neu-
tron capture in ''*Sn obtained in these measurements*® are
given below for different values of the y energy E, corre-
sponding to the final-level energies: -

7269 6996 6925 6414
7281
2056 2329 2400 2911
2044
0°(27%) 17(27%) 2%) (2%)
0.60=0.15 0.40.1 <0.1 1.27+0.2

the terms a;, a;, and a, in the equation for o(0,p,E), we
constructed the theoretical curves for the cross sections in
the p-resonance region at the angles 6 = 55° and 6 = 125°
for different sets of x and y. These cross sections were
folded in with the exact Doppler function of the neutron
energy distribution

f(E,EI)=(A/41TkTeﬁ-)1/2 exp{ _A[(E')I/Z _ E1/2]},

which actually reduced to a Gaussian distribution of the
form

f(E,E")=(1/A ) exp| — (E — E)*/AY)].

Finally, Eq. (14) was used to obtain £,

The optimal set of parameters, which is discussed in
the following section, gave the curve shown in Fig. 16. For
5;(9) using 1304 we obtained the value e;(55°)
= 0.90 = 0.15. The error is systematic and is related to the
uncertainty in the background level, which was taken into
account in the normalization to the s-wave component of
the cross section. For the ratios of the areas under the
p-resonance curves of ’Sn at different angles N(90°)/
[NV (45° 4 135°) /2] the value 5; = 1.18 =% 0.12 was found in
recent measurements,* where the error is due to the un-
certainty in the level of the substrate under the p reso-
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0 1 1 L
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FIG. 16. Asymmetry 7P for '1>Cd near the resonance at 7 eV.
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nance. The authors of the more recent study of Ref. 52
gave a different result: &5 = 1.63 + 0.14.

5. RESULTS OF (n,y) EXPERIMENTS
Tin

The amplitudes of the neutron partial widths G},{ 2 can
be obtained in the form of two sets by measuring any asym-
metry (¢¥B, or eR, or & 9, the descnptlon of which in-
volves the reduced amphtudes x = (T, /2/F )% and y
= (T',3,2/T,) /% and using the fact that x> + y* = 1. The
values of x and y were first obtained in an experiment to
measure e“® on !’Sn (Ref. 51). The corresponding results
are shown in Figs. 19a and 19b. The smooth curve describ-
ing the data for €} on ''’Sn corresponds to a least-squares
fit. However, one measurement is not enough for determin-
ing the sign of the amplitudes. The point is that x and y
enter into all the expressions quadratically. Other experi-
ments were needed to choose the signs of x and y, and
when they were done, the situation became dramatic. The
results of the subsequent measurements of 2 on '"Sn
were not consistent with the data for eL'R, and the data for
both of these cases were inconsistent with ¢,. In Figs. 13
and 14 we give the data of Ref. 52, where this discrepancy
was first discovered.

The values of x and y obtained by a least-squares fit for
each of the effects ¢''® and &P with the parameters
ty=3.0£0.3 and £+=1.83+0.18 turned out to be incon-
sistent: for example, if one attempts to describe the data for
eR using the sets of values of x and y obtained for B
(smooth curve in Fig. 14), then one of the curves lies much

FIG. 17. Time-of-flight spectrum of the !'’Sn sample in the res-
onance region (ZN is the number of counts of the amplitude
encoder in the interval E, = 8.5-9.5 MeV for the width of the
time window equal to 192 usec): 1—the angle 90°; 2—the angle
(45° 4 125°)/2; 3—background for the angle 90°.

higher than the experimental data (curve 1 in Fig. 13), and
the second, although it does give an adequate quantitative
description of the data, gives the opposite sign of the effect
(curve 2 in Fig. 13). For £y 2(45°) the value 1.63+0.14 was
obtained in the same expenment 2 We note that the max-
imum value of e*® in Fig. 19 is about 0.1 smaller than in
Fig. 13, since a smaller value for #3; corresponding to
= 1.2 was obtained in Ref. 51.

Of course, this situation led to doubts about the cor-
rectness of the expressions for the asymmetries, the cor-
rectness of the processing algorithm, and the value of the
neutron polarization. However, careful study did not re-
veal any errors. An additional series of experiments was
then carried out at the IBR-2 (Ref. 49), in which the
asymmetry € 2 on !'’Sn was measured at energies below
the p resonance, where the background conditions are con-
siderably better. If the result obtained earlier for €58 near
the resonance is correct, the discrepancy between experi-
ment and theory should also appear here. The results of
these measurements are shown in Figs. 20 and 21 (Ref.
49), where the theoretical curves were calculated in the
following manner. The value £max = 0.35 at the resonance
Ey = 1.33 eV (Ref. 52) and the value tﬁou = 2.16 obtained by
multiplication of the newly measured value £,=1.18
+ 0.12 and the parameter #35-= 1.83 were used. According
to Eq. (23), they led to two sets of x and y (Ref. 49):

a
EP

x=0.528+0.037; y= — 0.813+0.027; (29)

x=0.009+0.009; y= + 0.999+0.021. (30)

N[ 5525 N
- - °
6=25"" roev 6=30° 706V
S00}+ \ 150+
'
B s ! | o FIG. 18. Time-of-flight spectrum obtained in the reaction
400 ce ! 125 o 13Cd(n,y) for various angles. N is the number of detector
. N counts in the amplitude interval 8.7-9.5 MeV, and the
e ® % dashed line is the background level for an encoder channel
300 - o . 100 . g
.___A %———-—‘ /*v !L 4 width of 4 usec.
200 75
100 L : L L sol 1 T T T ey — |
J25 350 375 T J2s5 350 375 t
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TABLE 1. Parameters of the p resonances of ''’Sn and '*Cd.

. E_, gr._, E,,. .., r_.,T
Nuclide e{)’ J f-Tey | T meV M?V vor meV n1/Th
113Cqd 7,0 1 3,1(3) 160(20) 9,04 4,5(9) 0,84(7)
1178 1033 1 |1.66(20) | 180(18) | 9.32 1.2(3) 0,18(8)

We note that these two sets of x and y are close to the
values from Ref. 51. Then with these sets Eq. (22) was
used to find the calculated curves for eFB(E). In Figs. 20
and 21 the curves labeled 1 are for the set (29), and those
labeled 2 are for the set (30). We note that the theoretical
value of £FB has not been corrected by the resolution func-
tion. With the correction its maximum value turns out to
be slightly smaller, but the discrepancy remains. Beyond
the region Ey = 0.3 eV the effect of the resolution function
is already completely insignificant, so that the comparison
of the experimental data with the theory is completely cor-
rect. We see that in the vicinity of the resonance the dis-
crepancy is large, as before, but it decreases in going to
thermal energies.

Cadmium

The results for e¥® and £ on '3Cd from Ref. 53 are
shown in Figs. 15 and 16. Curves 1 and 2 in Fig. 15 were
also obtained from the two sets of x and y for €'B at
0=54.7 and 6 =125.3°. We recall that the parameter
ta = 2.27 was used for the fit to €'}, and the parameter
tss = 2.5 = 0.3 was used for 7B, The following two sets of
x and y were obtained from B in Ref. 53:

f
APY a
N
X I\ _at
~
= ]
-~ 5}
=
1,33
\-\-\’. ®
- © S— . ———
0 - —— 1 s 1
_ 03} 4 b
‘ga.z-
@ 0,7" F++
_‘(L) 0--’
ol ¢ t
B —
60 70 80 90 100 t
25 20187594 32 1 GFE oV

FIG. 19. Results of Ref. 51 for ''"Sn: a—time-of-flight spectra in the
vicinity of the p resonance at 1.33 eV for two directions of the polarization
vector (width of the encoding channel equal to 32 usec); b—the asym-
metry eR,
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x=0.975; y=0.222; (31)

x=0.100; y= — 0.995. (32)

The set (31) corresponds to curve 1 in Fig. 15, and the set
(32) to curve 2.

It is obviously premature to view these values of x and
y, both for 13¢d and for !'Sn, as the true values of the
partial amplitudes, since there is no agreement between the
results of the experiments.

There is another clearer representation of the results of
the parameter determination: in graphical form. This is
done for 3Cd in Fig. 22. For all three values eLR cFB
and £ curves are constructed with the known parameters
#; for all possible x and y. The dashed lines show the cor-
responding errors. Since x> + > = 1, all three curves
should intersect within the experimental error near one
point on the circle. This did not occur, which means that
the results are inconsistent. The dot—dash line corresponds
to the case where an overall minus sign is introduced on
the right-hand side of (23) or the sign of the beam polar-
ization is changed. This is given to stimulate further
searches. We also note that &, has the largest error corri-
dor, and decreasing it is an important but difficult experi-
mental problem. A similar graphical illustration of the re-
sults for !'Sn is given in Ref. 52.

The situation is therefore unclear. Since no serious er-
rors were found in the experimental work or in the data
processing, it is logical to seek a physical reason for the
discrepancy. We note that the system of equations for
e"R and "B together with x> + y? = 1 and the equation for
the asymmetry of the p-wave part of the cross section
£FB is overdetermined in x and y. The inclusion of another
unknown parameter would obviously permit the descrip-
tion of the available data on £ and ¢"R. Physically, this
parameter might correspond to the contribution of the
nonresonance d-capture amplitude in the vicinity of the p
resonance. The formal inclusion of the d wave leads, as
shown for the example of the s representation, to additional
terms in Egs. (28). The presence of the d wave can be
established experimentally by measuring the anisotropy
€5 in the epithermal range of neutron energies.

Below we give the values of £ for ''’Sn at several
neutron energies for f,/f; = — 0.6 near the resonance
Ey=1.33eV:

E, eV 1.33 0.80 0.50
&5 1.48 1.29 1.18

0.20
1.06

The value of f,/f, was obtained by numerical solution
of the system of equations for e} and B and Eq. (25) at
the resonance, including the d wave.
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FIG. 20. Asymmetry €72 on !'’Sn at neutron energies below 0.1 eV: 1, 2
are calculated curves explained in Sec. 5.

However, to describe the results the value of this back-
ground amplitude according to the estimate in Ref. 54
must correspond to a roughly 25% s-wave partial differ-
ential cross section for radiative capture followed by an M1
y transition. In the absolute expression for !'’Sn this
amounts to about 10~ 2% cm?/sr for E = E,. At low neu-
tron energies this is a very large cross section, and so the
appearance of d capture is doubtful. None of the studies
described provides a direct experimental check of the con-
tribution of this mechanism, since the measurement tech-
nique used is based on the assumption of an isotropic y
distribution at energies away from the resonance.

Another physical mechanism which might affect the
discrepancy between the experimental results and the the-
oretical predictions has been proposed by Zaretskii and
Sirotkin.*® They noted that a detector with a resolution of
about 0.5 MeV could register the hard component of a
two-quantum cascade consisting of a primary soft photon
of energy of about 0.5 MeV followed by a transition to the
ground state. This process increases the coefficient ag, but
does not affect the coefficients a; and b, since the hard
quanta in the cascade come from intermediate states which
are not mixed in parity. The total contribution of two-

=06 o MY

0 04 08 1,2 1,6 20F,eV

FIG. 21. Asymmetry €78 on ''’Sn at neutron energies 0.1-2.5 eV: 1, 2 are
calculated curves explained in Sec. 5, the darkened points are from Ref.
52, and the circles are from Ref. 49.
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FIG. 22. The dependence p(x) for ''*Cd obtained from Eqs. (22)-(24).
The numbers in parentheses near the curves correspond to the equation
numbers.

quantum cascades to the asymmetries e“® and £B, en-
hanced by the valence mechanism, can reach 10% accord-
ing to the estimate of Ref. 30. However, the discrepancy
between the results in the vicinity of the p resonance could
be explained by only a 50% contribution of this process.
This mechanism can be tested experimentally using a
Ge(Li) detector of high resolution.

CONCLUSION

Analysis of the available information leads to the con-
clusion that the resonance model with two spin channels
may be inadequate for describing the real process, resulting
in the discrepancies found. Conclusions about more serious
consequences for the theory are premature.

Actually, the quantum-mechanical conservation laws
impose constraints on the number of independent reaction
amplitudes.”® It can be shown that the problem considered
with I =1/2, I, = 0, and J =1 is characterized by four
independent amplitudes. Even if the d wave is neglected,
there still remain three amplitudes, i.e., five real parame-
ters: three moduli and two relative phases, which require
for their experimental, model-independent determination
no less than five independent equations and the corre-
sponding number of experiments. Actually, not five but
seven equations are needed, since the physical observables
are non-single-valued quadratic functions of the ampli-
tudes and their phases.

The experiments that we have analyzed ensure only
three independent equations. A model-independent analy-
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sis of them is impossible, so that there is not yet any basis
for fundamental conclusions.

The additional equations needed can be provided by
experiments in which the polarizations of all the particles
are measured for two spatial directions: for example, in the
reaction plane and in a plane perpendicular to it. The cor-
responding theoretical calculations also need to be carried
out. The foundation was laid by the work of Efimov,” in
which the linear polarization of the quanta emitted in the
capture of a polarized neutron was calculated, and it was
shown that this gives a new independent equation for de-
termining the channel-mixing parameter x;. Obviously, a
complete experiment must include measurement of not
only the linear polarization of the quanta, but also the
angular correlations on polarized nuclei. It is also desirable
to extend the set of investigated nuclei and y transitions
(see the tabulated data for 1), and to make measurements
with high resolution in the y energy.
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