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Abes tract

We discuss the results of thé first measursments of a
parity—nancunuarrink (FNC) epin rotation for thermel neutrona
inijgsp . The comparison with the theoretical estimatione 1=
carried out. The magnitudes of the PNC effects for reaonance
neutrons are calculated, Parity nonconservation in the reaction

17
: Sr1ﬁ3f] is also considered.



ﬁ

— e

-+

The present paper has been written in connection with the
publication of the results of firat weak spin rotation measure-
ment for thermal neutrons passing through the tin /1/. It has
been shown in our paper /2/ that the main contribution %o this
effect comez from the mechaniesm associated with the virtual
excitation of the nucleus into a compound state. The results
obtained in /1/ are in good agreement with the estimation given
4n /2/., In the present paper the calculations for iﬂ{S?? are
compared in detail with experimental data. Using these data,
the magnitudes of the FNC effects for the other possible experl-
ments are caleculated.

In principle, the FNC effecis in neutron optica are similer
te thome observed im comventional optics /3/ (see slso the re-
view /4/). The first suggestions comcerning the observatlons of
parity vieclatiom in neutron optics was made Ry C.Michel /5/ and
lster by L.Stodolsky /6/. They suggested to measure a spin rota-
+1om about the momentum for neutrons paseing through the matter.
Also, the other effect was discussed - the longitudinal polariz-
ation in the initially unpolsrized neutron beam. The expected
angle of rotation LF and the lengitudinal polarization degree

6_15-8

i per the attenuation length of a neutron were ¥{-1D'
rad and @ ~ 1078 [E eV . In 1976 M.Forte pointed out that
the PHC effect was enhanced mear a single-particle p -wave
resonance /7/. He suggested to measure the neutron spin rota-
tion in Lb?SH, where at an energy of 62 eV the p-wave Ieso-
nance with a relatively large single~particle compenent lies.
According to /8/, near the resonance \VN 10'3-10_4 rad and
a_rv10"5—1ﬂ"5 per the attenuation lemgth. For thermal neutrons

'*f;f:- 5.10'5 rad/em /8/.



In the mentioned refs./5-8/ and in a number of the papers
of other authors /9-15/ the spin rotation induced by neutron
scattering on the,Ej-ndd potential of the nucleus is discussed.
In other words, the nucleus is regarded as a particle without
the internal degrees of freedom. As shown in /2/, in medium and
heavy nuclei the other mechaniem agsociated with the virtual
excitation of the nucleus into a compound siate gives a much
larger contribution to the PNC effects, The possibility of such
an interpretation of the effect discovered in /1/ was pointed
out in /16/, too.

Por the sake of completeness, the results of the paper /2f

are also presentéd.

a) Resonance effects

let us consider the capture of a neutron with energy E
into the p-wave resonance. After the capture the nucleus is
excited into the compound state with angular mwnt 5 and
parity 'I . As a matter of fact, this astate is a superposition
of different-parity states because of the nmucleon-nucleon weak

interaction.

W (E)= 1912 * i &(E) |92 v>

. #{ﬂFVwai'J'f>
The imaginary unit is asparated in the mixing coefficient,since

1)

in the conventional definition of angular wave functions the
matrix element of Hw is purely imaginary. Due to dynamical
enhancement, the mixing between the nearesf levels of the com-
pound nucleu.a. £ ”GM§E~1D'¢-‘1D"5. Here &~1 MeV 1is the
interval between the single-particle levels of oppoaite parity;
D ~10 eV is the interval between the compound-nucleus levels

(see Appendix). 4

PR

The neutron ie captured into the state (1) both from the
p - and § -waves., Let us expand the wave function of a slow
peutron with momentum K and helicity +1/2 in a series of states
4with a definite angular momentua, *ébj _f,.?> (the axis Z i=s
directed along i T

e F T, (14 RZ)R 2o (Y (R LEE Y (AN o=

LT

. 2 -
i flo 42457 il tes) s HE1 L 4

Here Zt is the spin function. The amplitude of neutron cap-

(2)

ture Trom the state (2) into the compound-nucleus state (1) ie

a3 fUllGWS:
j ﬁj
. T( 3]C 2

3
= [ J E) ZEP 5¥ C I'Ii%,:é’

Hele I and J are the nuclear angular moments before and

(3)

after the capture; TS and FJ; fJ} are the scalar capture am-
plitudes from £ - and p -waves, Note, that the iﬁ:aginary unit
in (1) is compensated by the difference in the free motion
phases of §- and P-waves, For an unpolarized target the cap-
ture amplitudea st different J do not interfere, while inter-
ference of the different-parity amplitudes with | = 1/2 leads

to the difPference in the absorption cross sectione for neutrons

with 41/2 helicities.

RN = ngxj("fﬂv‘r}
6+ & (i“p(’{)), P(K) GH’%}"'?{F}_}

= (4)
2 Ty |

(r) (pd) tr ) (s¥
Here rﬁ (k)= I:. (gj+f-; (k) and rﬂ }ij are the neutron
widthe of the states ]"_‘,”l> and ]CJ'?) V) reduced to the energy
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of 4he incident: néu—.‘trﬁn:

i (¢
1r (k)= r"( P)

!

n b i

Ks

X - and Kg' are the mumanta cnrreapnnding to the ‘resonances; ¥,
and . ¥ are the capture phases. It is claar that in the case
under gonﬂidaratiun.' KR<‘;< 4 ( R 1is the nuclear radius),
ICE}S ["f.—‘j '}- +1s We will Ve 1nterestad in the case when the
"d.iutancu o a pP-wave reannmmu 1s much shorter than that to
~ the nearaat s;wa'u resonances, In this Bituatiun the depen-
dence of -Pn{jk.:} and P(K) is easy to write down explicitiy:

PU(M%Pu% P(K)Y= P*EE . (6)
s ’

: 5] ),
For low=-lying resonances with E_ = 1-10 eV rﬁq (KP)/FHF(KF}f-

”’—‘/r; g ~ 10%-10” ana P2 P, ~ 10°1-107%;

Taking intc ac-‘;ount that g'“ in ag.(4). 18 of the usual
Breit-Wigner form, 1t is mot difficult to proceed from the
absorption croae aentiun to the index uf refrection:

(P
, Mg =h, _-_Ng?" (i"PKP)E =E,+ /2

s : (7)

foui Rt
G="a(az+4)

JV is fha denaity of the atoms in the target, [/l the non--

resonant part of the Index of refraction, rl the total width
of the p -raaanance. We ignore the Doppler line broadening
A~ 2!.&. 2 E | , At room temperature A~ 0.03 m.
At ﬁ)[’f—vn 03-0.1 eV the effect is suppressed approximately

by a factor of A /."'" .

Let us consider now ths meutron spin rotation about the mo-

mentum., Let the neutron move along Z ,endat Z =0 1ifs

'ii?.- HSS

epin’ ia directa& alang X. At = ﬁ _the apinar conppmta
acquire di ‘farent phases:

&) ﬁ(_ii";i:,i:*‘;’) %wam o Ler).
| . n:pl E En \

V=KeRe(niny= - AL Py et

The r&sulting @pinor t:ﬂrﬁﬂpnndﬂ to a spin rutﬂt-d by the angle
~¥ about z-axis.It is easy to see alse that the longitudinal

(@ :

pn]_.arisafiqn emerges .for the initially upnlari“& .hiu;in:

: ' _ rﬂF ' ﬁ&t. o e
o = -kL Im(m-n_-,)__ z,r.:';i P{ (E-E }hr% (9)
Although ¥ and @ are proportional T ihe peth 1engih £
it ia clear that { cannot exceed nignificantlr the ntt-m-
iKKIMfH_'_"Pn' ))aﬂ -5 cm. :
For the e:q:-urimunts under discussion thn nuclei are u'nit-
able in which, on the one hand, there are low-lying. 1eolated

tiom langth,

p-wave resonances and, on tha other hand, .there is a ﬂanan

snough spectrum of compound resonances. For nmpla. ]_H ’
439 232Th 238

Za = Z/( Huur p -wave runu-

nences the orders of msgnitude of the PHC effscts are as fallrﬂl!;

an,

1) The relative difference in the capture cross nectinns of
the right- and lai't-pnlarimd neutrons 1£r

; 2-. : - . . |
P gq ‘g‘a : io : : - 7 (1‘(})

E} The neutron Bpin rotation is

q/(EP- r/a) - HV(EF+ f'f.?,) *(10*2"?'_“19—3) {/(p 2ol

5 €34

3) The longitudimal neutron polarization (or the relative dif-.

ference between the attunuatiun lengths for the right- and
lnft-pnlarind neutrons) is -



Al(E,) ~ (107107 )¢/¢. o

The quantities Y and & are seversl times less than .P be-
cause of the potential neutron scattering (4 ~ 5-10 b), which
shortens the attenuaiion length. For the resonences under con-
sideration the factor &, /g%+2.)~0.2-0.5.

The resonance effacte under study are strongly dependent
on neutron energy. The scale of this depen&ence”F“D.OB-DJ eV,
determines the required monochromaticity of a meuiron beam.

It is worth stressing that a large magnitude of the effects
considered here is accounted for by two circumstances: first,
by kinematic enhancement due to that the admixture § -ampli-
tude is 4/KR times higher than the basic p-amplitude;
second, by dynamical enhancement of the P ~odd mixing in the

compound nucleus.

b) 4 magnitude of the effects for thermal neutrons.

Comparison with the experiment

For thermal neutrons the p -wave and S -wave resonances
give, generally speaking, a comparable contribution to the
spin rotation angle '7{’:: jem, However, if the § -wave resonance
is close to the thermal region, then the absorption is large,
and therefore the effect pe7 attenuation length is small., In view
of this, we will consider the case when a single pP-resonance
ig near the thermal region.

There is no difficulty in estimating the effect in the
thermal region ( E = 0), using equations (8) and (9). At [~
0.1-0.03 eV, £, ~ 1-10 o¥, ¥ ~1074-1077 £/{, rad, @, ~107°-10"%,

The results of first measurements of Y%, and ¢, in Sn
/1/ have been recently published. The group who obtained these

results searched for the affzut which is due to a ﬁingle-parfti-
&

cle P-wave resonance in SH. The natural Sn was used as s

: 124
reference. The effect in Sn was not fnund:”
' -¢
¥o (**sp)=(0. 48+ 1.439)- 10 " vad /cm (13)
But the measurements showed a rotation in the matural Sn:
¥, (natural Sn)=(495+p 33)-.-1’0"%«&;% (13)

Ifj;. detailed study the effect was found to be connected with
5“:

W ("5n) = (36.%22.7) 10 “eadtem  (1s)

which had a p-wave compound-resonance at 1,32 eV. The measured
quantity of ﬂfﬁSH) is in good agreement with the above esti-
mates /2/. The possibility of explaining a large magnitude of
the effect in jd¥SH by the closeness to the thermal region of
a p-wave compound-resonance was alsc pointed out in Ref./16/.
It should note that a somewhat smaller effect, in compari-
son with i Sh-, can be exﬁeatad in Mjsh s which has a p -
wave resonance at 6.2 eV (if, of course, its spin Y.< 2), It

seeme that just thi'ja_explaiuﬂ the residual effect found in the
natural Sn after subtraction of j”SH contribution /1/.

In Ref,/1/ the value of C{; has been measured, too:
a, (47sn) = (-1,83£0.67) 10 cm~1 (16)
The sign of the ratio LF_E ,"ﬁé is opposite to that of the

energy of the p-resonance, which gives the main contribution
to the effect ( Y, /q{‘: -2E,Il")+ Unfortunately, there is some

1) In egs. {-13)-—-5 (15) we use the notation Y. instead of
'?‘f,_-, because of some indeterminacy in the sign of ¥ (see below),

9



ambiguity in definition of \_ﬁ. in Ref./1/. (The sign of ¥

in eq.(3) of Ref./1/ differe from that defined in the text im-
modiately above eq.(3).) I the definition of "‘{"{_ differs

in eign from that of lf‘; , then the main contribution to the
effect comes from the resonance, which lies below the mneutron
threshold. Using as a reference the known total widths of the
above=threshold resonsnces ( (=0.08 eV), we find that EP=-1~ eV.
The existence of two resonances close to the thermal point is
hardly probable (but not excluded), because the mesn interval
between the resonances in s SN is » 20 eV. In this situa- .
tion we suppose that the main contribution to the effect is

given by the 1.22 eV resonance, i.e.
-&
GRS Yo L e £ IR aeliem ~ O

Using the quantity ﬂ , let us estimate more precisely
the effects under discussion near the resonance. According to

/11/, for the resonance, £, = 1.32 eV, the neutron width

P
¢ rip}- (1 + 0.5) 107" eV. Therefore, it follows from (4) and

(8) that
£ - o -9
p=de=tfe (130940 s

Unfortunately, the total width [T for the 1.32 eV resonance is
unknown. Using as a reference the widths of the higher reso- .
nsncea /17/, we put r = 0,08 eV. The elastic cross section |
in Sh is 2,0:1 5 b. The total cross section JM in the
thermal region and in the p -resonance are approximately equel,
end they are 7-8 b. Hence the attenuation length f‘o is about

4 cm. And, finally, we find the following values:

@, =Y [f2E,=-14-40Com™* o 4407

W(E,~T72)-Y(E,+T72)= 4.2 A0 vadfem o 540 ¢/0. % (18)

10

a(E)=-1.240 em Ry

In calculsting these quantities we have assumed only that the
main contribution to ﬂ is given by the 1.32 eV resonance,
If one supposes, in addition, that the g ~resonance nearest
to the thermal region has .the pame sngular moment -, ag the
1.32 eV .p-resonance, one can find the coefficient of mixing
for these states. In ﬂﬁrﬂsn the {n,B’}—runnt:l.nn eross section
for thermal neutrons is 2.6 b. It is eaey - Jjustify that the
known resonanceswith the positive energy contribute: £ 0.2 b
to this cross section, This means that the cross éectinn at a
thermal point is determined by the resonance with the negative

SN
energy. Using the mean resonance widths r,._ﬂ and [ , we find:

E. =~ A ex 1< s | HWI-P')L - 0.5*10'3{:»/

(19)

le] = ““E‘W“”} 20,5407 = 2-102 ¢ m?
5 :

¢) Enhancement of the PHC effects in the ( HJE' )} reaction

Let us start with the effect already discussed in point
wat, the difference in the cross sections when the right- and
left-polarized neutrons are captured into a p-resonance. It
seems that this effect is convenient to search for in the (nY)
resction by the counting difference of the number of ¥ -quanta,
since no suppression arises due to the elastic meutron scatter-
ing. According to (10), the relative effect is about 1072,

Tet us consider now & circular polarization of ¥ -gquanta
in the ( N, Y ) reaction when capturing the unpolarized neut-
rons into a p -wave compound-resonance. Becauéa of the differ-

=4
ence in the cross seciions Bf and 5,_ , the intermediate

11



compound nucleus turne out to be lougitudim:lly polarized, After
decay this polarization is tranferred to the
—tr i — =
the correlation ( Sy F’}}( Py Prn)
of eircular polarization is Par o e0se ( @ is the angle between

?if-n.'.ru.mr;tl.mhr Thus,

arises, i.e. the degree

the photon and neutron moments). The order of magnitude of the
cireular polarization is ﬁ;' ~P~ 10 2. For emple, if the
1.32 eV resonance in piviy SN 1s assumed to have :7 = 1", then
for transition from it to the ground state Es” lﬂ*}

ﬁ;« =P.cwos@ =( 1,320%) 40 % ecs® (20)

Let us procetd now to a discussion of the "classic" FHC

effects in the ( N.Y ) reaction - the engular asymmetry of ¥ -

quanta (correlation _S',.,F’:r ) end the circular polarization of
¥ -quanta (correlation ?3 -ﬁx ; Thaae correlations can
also be enhanced near a P -wave resonance, We would Rt like
to write down cumbersome formulas for an arbitrary case and
therefore we consider a concrete example for which experimental
data are available /18,19/: the - Sﬂ(ﬂ 3) reaction with transi-
tion to the groumnd state 0* of dj+sn o The ¥ -tramsition

can go from the compound levels 1 and 17 . With the wesk

interaction taken into account, the reaction amplitude has
the form:

<ot IMi[ 4" DL leH> Lot 1ELIL 2&L {TIH>
: e E +1r‘fﬂ- E--E +¢ }{2_

(0 1EL |47 <47 [Hw| £<17 | TsIn)>
T (BB +iR7%) (B~ E,*iTi 12}

= (21)

RCMLEETE ML 2 inms
(E-E_+ilL/2)(E-E.+i T+ /2)

12

|

The fourth term in this formula always is much smaller than
the third, snd therefore it is unessential, Interference of
the second term with the third leads to the correlation
gy 1 : -
[SE.FIEJ(P; Pn‘]already considered, Interference of the first term
with the third is responsible for the .P -odd correlations
- = B i
(S}, pﬂ and (SH P.{} . If we are not too close to the P -wav
resgnance, the second term can be neglected. For the degree of
circular polarization and the asymmetry coefficient in the
angular distribution of ¥ -quanta {Wif) =1+ & ¢os€ ) we obtain:
- + . - 5
P =a = LRe LHalE™S BT 1egld > ¢ (22)
¥ E-E- <0TIMil47>)

We would like to atiract attention to thct the energy denomina-

tor in this formula is E ~E_ rather than E+ ~F_. This means
that at | E-E_ | << [E,-£_| the mixing coefficient is additionally
erhanced by the resonance faetor ( E,— E - )/( E-E_) in com-
parison with the standard estimation.

The asymmetry in the angular distribution of ¥ ~quanta
in the = Sn(r* 3’) reaction for thermal neuiréns is known from
experiment: (I= (8.9+1.5)¢10 . /18/ and @ = (4.4+40.6).10 -4
7/19/. Let us make an attempt to compare this value with the
results obtained in neutron optics. Unfortunately, the spin of
the 1,32 eV resonance is unknown, The possibility of 5 = 2
wes excluded when we assumed that this resonance contributes
to the neutron spin rotation. if T = 0, then thie resonance
does not contribute to the angular asymmetry of F—quanta,
and there is no direct connection between these effects. It is
posaible only, taking imto account the quantity & in (19} to
writedown the standard estimation ja L~ IEE E:!”H:I[“ i0 JEﬂML
iy j = 1, the effects are connected with each other. Using
(22) and (19), we find:

13



alx|ze = Edl= 5107 (5] @

It im aasmad above that only two nearest resonances contrihuﬁa
to the electromagnetic amplitudaa{ 15.> = ."i =" :I'Ge-d‘)
and | Pp) = |_{ ; g;j_jzw». Taking into account all the reso-
nances, the following should be written:

<D+lEilP><pi HudS ><s. |T1n>

Z ELFs

. 5 o

e )

oy 7. {e*|Mtis>LslTin> -
5

Eg

One can present the arguments in favour of that the main
contribution to the numerator really comes from the nearest
reponances. 4As fayr as the denominator is concerned, the large
number of terms (up to ‘E l~1 UeV) is essential here. It means
that ec.(23) holde but ingtead of Md= <t9 f”i[&}tha effect-
ive amplitude® should be used:

M{ =<0* Ea i AL |
M{=<0"|M4|S)+ éﬂ%(o MUY s (25)

The rough estimation shows that the sum in aq.'(Eﬁ} is of the
same nrder of magnitude as the first ferm or 2-—3 times larger,
Therafure, the ratio |Ei / M_j‘ _‘[ follnuing from the cmpuri-

2)

son of (23) with nxparmental data, seeme to be r-uomﬂalu. i
To avold confusion, let us point aut that a cmparntiﬂly
large contribution of distant resonances to the Mi-amplitude

‘ o il id3,° 4340 110
) Tote, for comparison, that in case of the fﬂf{'ﬂ,ﬁ %d'[pl
reaction the sum is significantly smaller than the first term.

14
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jl“!.

arises when we consider the transition to the ground state.

o : 147
0f course, the total croses section of the = Jn(vY)reaction is

mainly de'termined by the nearest

g =resonance,

We are indebted to I.B.Ehriplovich for numerous useful

discussions.



APPENDIX

4 range of parity-nonconservation in nuclear foreces.

Dynamical enhancement

The parity-nonconserving nuclecrn wesk interaction in the
nucleus ie approximately described by the effaective Hamiltonian:
= ep ,
Hw & M P {3aT)

—4

where . G = Tﬂ_sfmi iz the Fermi constant; 4 , F; , P are
the nucleon spin, momentum and mass, respectively: )D is the
nuclear density. The mixing coefficient for the single~-particle
levels of opposite parity is determined by the ratio Hw /ﬂ---" s

where J ~ P“/zm is the typical nucleon energy. In the nucleus

prMg, _f’rv:f/n-]s_ , 80 that
F o Hufio ~ €mEa 207" (42)

Strictly speaking, in this formula () should be taken as an
interval between ‘!;he single-particle opposite-parity levels,
which ie usually less than P""/Qm . However, the matrix element
{ Hw > 1o somewhat smaller, as compared to the rough esti-
mate, because of a partial overlap of the wave functions. In
view of fhia, the estimate F o~ Gm,,f. = 2-1{11'_'1I|r is likely to
be reasonable. .
Parity nonconservation in nuclei has been observed in the

idgf'd'l’ﬂ;f} reaction for the first time (see the review /20/).
The asymmetry discovered in the angular distribution of ¥ -quanta
was equal to'(4.1:D.H)-1D'4, that is much larger than E: . Such
an enhancement is mainly connected with a high density of the
levels in the compound nucleus /21-23/. PFollowing /23/, this

enhancement is referred to as a dynamical one., Hemind how this

16

enhancement arises. The wave function of any state in the com-
pound nucleus can be expended in the products of the single-
particle funotions:

= |
S SEAS- e (4.3)
=1

where {, are the products of the wave functions of the excited
particles and the holes. The typical number of the fterms in the
gun is determined by the intensity of the residual nucleon-
nucleon interaction. If AE is the range of this interaction
and 42 is the interval between the levels of the compound
nucleus, then N ~AE/> . Remind that 2 decreases exponen-
tially with increasing the number ué excit:d particles. In
heavy fissionable nuclei ( A = 240),is about 1 eV. In medium
nuclei (Cd, Sn,s..) 2 is about 10-100 eV. The typical value
of AE~{D~1 MeV ( () 1is the interval between single-par-
ticle levels), and ﬁanca MHW“-'IOE. It is cléar that for such
strong intermixing the coefficients . are of the same order
of magnitude. According to the normalization condition,

ja |~ 4f[W"

Let us consider now the matrix element of the single-par-

ticle operator HW between two states of the compound nucleus:

M=(Z a:¥ | Ho|Z g-xsv;,w%‘ Cag A b L

The matrix element at each fixed ( is not equal to zero only

at one or several values of K when Y¥g 1ie distinguished from
¥, by the state of one particle. The signs of the terms in

the sum (A.4) are naturally considered to be random. Hence,

we have, in formula {A.4), the non-coherent sum nf-/l/ terms,

each being of the order of ¢ Hw?/V . As a result,

g 2



(M|~ 1< Hoo) /J—F (4.5)

wher&{ Hw>13 the typicel matrix element between the gingle-
particle states. Since the matrix elements in the mixing of
different levels in the compound nucleus are of the same order

of magnitude, the maximum mixing will occur between the near-
est levels. The mixing coefficient is

: M "
(Bl gt KHMH/J/-.-"'F/‘/? (4.6)

The typical mixing of single-particle levels ise r
the enhancement factor in the fissionable nuclei is Jvt*103
and [/ ~10% 1n cd, Sn,... .

* ii'a-

Tt is worth emphasizing that for dynamical enhancement the
fact is of importance that the intensity of the residual nuc-
lecn-nucleon interaction, which mixes the single-particle lev-

els, is comperable with the Interval between the pingle-par-
ticle levels of opposite parity. For example, let us congider
the gas of the particles which move in a common potential but
do not interact with each other, In this case, even at high
density of the system's levels the interval between mixing

levels remains single-particle, and no dynamical enhancement
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