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TESTS OF TIME REVERSAL INVARIANCE VIA TRANSMISSION EXPERIMENTS

H.E. Conzett
Nuclear Science Division, Lawrence Berkeley Laboratory

W’ One Cyclotron Road, Berkeley, CA 94720

ABSTRACT

The existing formalism used to describe spin observables in neutron transmission experiments
is found to be inadequate. A suitable formalism is developed, through which time-reversal
violating (and parity non-conserving) forward scattering amplitudes are identified, along with
their coﬁesponding spin observables. It is noted that new and more precise tests of T-symmetry
are provided in transmission experiments and that such investigations are applicable more

generally in nuclear and particle physics.
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Recent transmission experiments with slow neutrons have shown remarkable enhancements
“in two parity non-conserving (PNC) observables, the neutron spin rotation! and the neutron
longitudinal analyzing power, A;2. In the latter case, a value of A, close to 10% has been
measured in the transmission of neutrons through 13915 at ihe 0.734-eV resonance, and this
nuclear enhancement of 10° to 106 is explained in terms of parity-mixed levels of 140La and p-
wave barrier hindrance of the parity conserving transition.3
The suggestion that nuclear effects could also provide enhancemenfs in time-reversal
violating (TRV) neutron transmission observables, which become accessible with polarized
targets?, has generated considerable interest and acitivity in the investigation of that
possibility. Stodolsky and Kabir have developed a formalism to describe the s;;in aspectsbf
neutron transmission, and they have suggested TRV observables to be measured.# I have found
some difficulties with their treatment, which I discuss in this paper. I then consider, again, the
prospect for measureable TRV observa.bles in transmission experiments.
Stodolsky and Kabir use the plane-wave neutron coherent amplitude in the target

material,

M = e(n-Dkd  \ith n-1 = %;—t bf( 0),

(D

0)=fy+fcG-5+ 'c\r-_(%x's‘)+f23'-‘k,
f Y

where n, k, d, p, f(o) are, respectivé]y, the index of.refraction, neutron wave number, distance of
transmission in the target, density of target nuclei, and the neutron-nucleus forward elastic
scattering matrix. It should be emphasized that only coherent non-spin-flip amplitudes
contribute to the index of refraction, since scattering in which the target state is changed is

incﬂoherent.6 In (1) Gis the neutron spin operator and § the target polarizafion, so fzis a PNC
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term and fy is both PNC and TRV4. Choosing the projectile helicity frame, so that unit vectors

along the coordinate axes are given by

A A A A A A
2=%%=579=2x7%, (2)

the forward scattering matrix becomes

flo)=fo+fxox+fyoy+fr0z . v 3)
: - i, ., .
Then, taking | Ci=1fipd, j=0.x,y,2.
M:gp[‘f 3G 0','] : 4
)

Since M is a two by two matrix in the neutron spin space, Stodolsky and Kabir take its most
general form,

M=Y Bjoj , j=o,x,y,z2, 6p=1, (5)
j

and use (5) in the calculation of spin observables. For example, an analyzing-power component

TrMoMt (6)

A= MM

The transformation from the C; of (4) to the B; of (5) is not simple, and one loses the direct
association and interpretation of the spin observables with the spin-dependent terms of the

scattering matrix.
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There are some clear difficulties with this procedure. In (3), fy, is an off-diagonal neutron

spin-flip amplitude. However, since helicity is conserved in forward scattering, the equivalent

condition is that f{0o) be invariant with respect to rotation about the z-axis, R, so
flo)=fo+fr0z 7

is the most general form. In this treatment, then, a TRV observable is excluded by conservation of

angular momentum (z-component); whether the scattering is either coherent or incoherent.

Since (7) includes the PNC term f;, it is of interest to calculate the PNC neutron coherent
transmission observables in terms of C, and C; (thus f, and f,) of eq. (4). Expressing the complex

amplitude
Fjéaj+iﬂi , j=o0z, | | (8)
since 0p and g; commute, (4) can be written. as
M = R,DyR;D, | (_9)

with '
' i I 1
Rj=exp[§a}'6j] , Dj=exp[—-2-ﬁio7:], : (10

so R;j (Dj) is a rotation (attenuation) matrix. Defining the transmission factor, through a target

distance d,

I(d) 1
o) = Td) = 2TrMM"', | | (11)
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the analyzing power A; and the polarization transfer (rotation) coefficient KZ are given by

TAZ = %TYM o'zM‘l.
(12)
TK = %TrM Mt g,
Using (9) - (12),
T=ePocoshp, = eFo
Gl
A; = ~tanh B, =-f, (13)

K:yr = _K; = o = R (-ap).

Thus, one sees the known PNC differential attenuation of positive and negative helicity
neutrons, i.e., Az, due to B;, the imaginary part of the amplitude C;, and the PNC neutron
transverse spin rotation around the direction of propagation, due to a;, the real part of C,. Since
Bz is large (Az = 0.1) at the 0.734-eV neutron—139La resonance, it would be most interesting to
determine a; there via a measurement of the transverse spin rotation coefficient Ki , assuming, of
course, that the forward scattering is coherent at this energy (at 1-eV, A =3 x 104 fm).

Since target polarization is required in order to provide a TRV term in the forward
scattering matrix, it is necessary for that matrix to encompass both the projectile and target spin-
matrices. That is, an observable that involves only the projectile (target) polarization can be

expressed in terms of the projectile (target) spin-matrix amplitudes alone, as in (13), but the



combined spin-space amplitudes are required for an observable that involves both projectile and

target pblarizations. To investigate, then, the possibility of finding a TRV observable in

transmission experiments, I consider in detail, as a prototype, the simplest case with spin—li »
.)

projectile and target. There the 4x4 scattering matrix, including the same factor as in (4),

Fo) =pif) , (14)

is the direct product of the 2x2 projectile and target spin matrices:

F=F1®F; , with

(15)
Fn=Ean6nj ’ n=1,2
]

and n =1 (2) labeling the projectile (target) matrix. Then, a typical term in F is C1x Cay01x®
o2y, which I will abbreviate to C xy Ox Oy, SO that the ordering of the subscripts provides the n =

1,2 labeling. Then, with oy = 61-%, etc., we have the following transformations under the P, T

symmetry operations:

Ox O'y Oz

P (16)
T
The 16 F-matrix amplitudes, (.
COOI COX, .CQ‘ (_:ﬂl Cxo: CIXI Q&l QLZI _C.gq_: ngl nyl Cer QZ_OI ..C_z_x' Czy: sz; (17)



can then be classified according to their P and/or T symmetry. For example, the underlined in

(17) are PNC amplitudes. The requirements of R, P, and T-symmetries then yield, from (15) and

(16), the F(o)-matrix

F(o) = COO + Cxx(ax . 6’2) + sz Oy Oz ’

) ’ (18)

F(o) = Coo +Cxx(°'x Ox +Gy6y )+ sz Oz Oz ’

Thus, only 3 independent amplitudes survive, and, since, the Cxy term conserves helicity via a

double spin-flip process, it cannot contribute to the coherent neutron amplitude.

Now add the PNC terms from (17) that are R,-invariant,
Coz 690z +C5 07 0 , (19)

and the sixth R;-invariant term,

Cry 1% 0) =Cry (G 0y-0y 0z ) , 20)

which, from (16), is seen to be both PNC and TRV. Thus,
F(o) = Coo + Coz 0p Oz + C3907 Op + Cxx (Ox Ox + Oy Oy) + C120z 0z + Cay (0Ox Oy -0y 0x)  (21)

is the complete Rz-invariant PNC and TRV forward-scattering matrix. Again, the Cyy termisa
double spin-flip amplitude, so I conclude that in the 1§+ 15—) 15 + 15 system, coherent forward
scattering does not provide a TRV observable.

However, and perhaps more importantly, the term Cxy in the forward scattering matrix

suggests that a corresponding PNC, TRV observable is available in the more ordinary and



widespread possibilities for incoherent transmission experiments in nuclear and particle physics.
There one uses a treatment that features transmitted intensities rather than amplitudes; and the
spin-dependent observables, i.e. the total cross-sections, are then related to the spin-dependent
forward scattering amplitudes by the optical theorem.

The transmission factor (11) is now

T =expl-orpdl = expl-d] , (22)

where oris the unpolarized total cross-section, and thus o is a dimensionless "total cross-section” -

which includes the areal density factor pd. The corresponding spin-dependent cross sections are
ojk=0o(1 +pipk Ajp) ;j. k=xy,z , (23)

where pj(pi) is the projectile (target) polarization along the j(k) direction, and Ajy is the
corresponding (total cross-section) spin-correlation coefficient, which is esﬁentially defined by
this equation. Then, with oji(++) (gjk(+-)) defined as the cross section for the pure spin states
Pj=pk=1(pj=-px=1), we have |
Ojkl++) = O)'}}(—) = ol + Aj),
| 24)

Ojk(+-) = Ojx(-+) = o(1 - Ajx) .

Using these spin dependent cross-sections, the corresponding transmission factors are defined as

Tjk=%{exp [-oj++) ] + expl-oj(+) 1} , (25a)

and

T SRLOEED] = exp L) |

" exp [-oj(++)] + exp [-oj(+) ]~ (25b)



Thus, Tjkis the transmission factor for a completely polarized beam transmitted through an
unpolarized target (and vice versa), while AT is the transmission asymmetry of the polarized

beam for opposite states of the target polarization. Using (24),
Tjk =% cosh 6 Ajk, ) (26a)

ATjx=~-tanh c Ajk . (26b)

We now use the spin-dependent form of the optical theorem’ to express OAjk in terms of the

imaginary part of the corresponding forward scattering amplitude. That is

oTip) = %’-’Im Tr [p f(0)], 27) -

where pjk is the density matrix representing the inital polarizations and or(pj, pi) is the
corresponding total cross-section. The normalization Trp = 1 has been chosen. Then, in the

established notation,

Pjk = %(oo +pj dj) ® (00 + pxox) (28)
SO
Pik (+t)=%(l+o;aotooo7¢iojak) . (29)
With (14), (27) becomes
ojk = Im Tr [pjx Fl)], (30)



and with

1 ' .
OAjk = 5 [Ojil++) -gjil+-) 1, 31 .
we have .
aA,-k=:ll-Im Trl(coox + ojo-k)l-‘(o)]. (32)
Then noting that
T, (0j 0k ) (G 0%) = 4 8" S | (33)

the only terms in F(o), (21), that survive in (32) are the terms Cok and Cj, once the polarizations
Pj» Pk have been selected. For our purpose here, to identify a TRV observable corresponding to the

amplitude Cyy, the appropriate choice is pj = px, pk = py (or vice versa), for which

Finally, then, the corresponding transmission asymmetry,

<<1

ATyy = -tanh firy N By (35)

is the observable to measure, with a vector (rank 1) polarized target, in the search for a combined -

PNC, TRV effect. This is also the simplest experimentally, for which high accuracy can be
achieved. |

Since it is clear from the foregoing development that there is no purely TRV forward
amplitude in the 1§+ 15—) I§+ 15 spin system, it is important to examine the suggestion® for an
‘additional T-odd, P-even term [presumably in f(0), (1)] of the form ¢-txH & ?), with target

spin S 2 1 since $2 represents an alignment. It is clear that this term would not contribute to f; in

10
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(3), so it is excluded by Rz-invariance. Tt can, however, be provided by a term in the F-matrix
(15) for a system with the spin structure l'i"’ 1 -—)% + 1. Since space limitations preclude a discussion

here in the detail of that for the 154- 15—-) 15+ % system, I will simply indicate the result, and the

details will be available elsewhere.? In (15), F72 now becomes a 3x3 spin-1 matrix, with

" Fa= Y CGPj+ X Cu Pu.j=0,xyz;kl=xyz2 , (36)
j kl

with the second sum limited to five independeﬁt terms. The Pj (Pgp, j# 0, are the vector, rank 1
(tensor, rank 2) components of the spin-1 matrix-operator.10 Thus, the 9-term F ¢ombined with
the 4-term F1 provides the required 36 terms of the F-matrix. The forward scattering matrix,
imposing Rz-invariance, is reduced to 10 terms. P-symmetry reduces it to 5 independent’{

amplitudes and T-symmetry to 4, so that there is one TRV amplitude. It is provided by the term

Cy,u (Cx Pyz-oypzx) . (37)
in a straightforward extension of the previous notation. Thus, Cy,zx is the TRV amplitude and

the corresponding TRV observable is the transmission asymmetry

<<1

As the notation indicates, this corresponds to neutron polarization py in combination with the
target tensor polarization pyy, i.e. alignment along the direction z = x.

In suﬁtmary, it has been established that the complete spin-space matrix must be used in the
description of TRV effects in transmission experiments, and it is seen that transmission
observables can provide new and sensitive tests of T-syrhmetry. An especially important result is

that the TRV observable is given directly by the imaginary part of the corresponding TRV

11



forward scattering amplitude, in contrast to the situation that exists for the standard (non-

forward) scattering experiment. Theré, T-symmetry tests can be accomplished only via
comparison of two separate observables (e.g. Py = Ay), and, as has been established,11 no single
null test is possible. Now, ATy ;x (38) provides just such a null test of T-symmetry, and such an
experiment is capable of attaining an unprecedented precision, comparable to that reached in P-
symmetry tests, where, for example, A; values of the order 107 have been measured.12

Finally, although the motivation for the development of this spin formalism for
transmission experiments was derived from the exciting results achieved with slow neutrons, this
development clearly has application at higher energies in nuclear and pérticle physics with
respect to attaining considerably higher precision in tests of T-symmetry.
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Nuclear Physics, Nuclear Physics Division of the U.S. Department of Energy under Contract DE-
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Nucléaire et de Physique des Particules during a sabbatical year spent at the University of
Marseille, when some initial ideas were generated concerning spin observables in transmission
experiments. I am grateful to ].-P. Longequeue and E. Perret of the IN2P3 and té my hosts at
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