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Directional correlations of y-y cascades from polarized 1¢2:175yh were measured and a dif-
ference technique used to search for time-reversal-invariance violating (TRIV) asymmetries.
For the 198-110 keV cascade in !¥Tm a TRIV asymmetry @ TRIV = (-18 +15) x 10™¢ was deter-
mined, corresponding to a phase angle between the £2 and M 1 multipole matrix elements of
the 198 keV radiation given by sinn=+0.15+0.12 with T-odd components of the E2 and M1
matrix elements equal to +(1.8 +1.5) x10™4 and ~ (6.2 +5.0) x 1072 of the Weisskopf estimates,
respectively. Hypothetical interpretation of TRIV as a result of state mixing is discussed,
giving the expectation value of the TRIV part of the interaction Hamiltonian as +1.0+0.8 keV.
For the 283-114 keV cascade in ™Lu, @TRIV = (+1.9%5.8) x 10”4 was measured, with corre-
sponding M 2/E1 phase angle given by sinn=-0.17+0.5 and T-odd matrix elements equal to
—0.0520.16 and +(2 +7) x L0~ Weisskopf units for the M2 and E1 components, respectively.
Similar measurements on the 177-131 keV cascade in !®Tm yielded uncertain results due in
part to a large precessional perturbation. However, treatment of TRIV in the 283 keV y ray
assumed due to state mixing is shown to result in the conclusion that a modestly sensitive
measurement of the phase angle of the E2 with respect to the M 1 matrix element would give
a good test of the magnitude of the TRIV component of the relevant interaction potential.

RADIOACTIVITY 169'”5Yb; v~y directional correlations, time-reversal-sym-
metry tests; deduced mixing ratio phase angles, 198-, 177-, and 283-keV vy
rays; estimated T-odd component, Hamiltonian.

1. INTRODUCTION

The possibility of the violation of time-reversal
invariance being evidenced in nuclear radiation is
of continuing interest, due to uncertainty about
possible mechanisms for such an occurrence'*?
and due to previous indications in K-meson decay
that T violation may occur.® In a previous paper?
we found, by performing a search for asymmetries
in y-y correlations in 8°Hf™ [provided certain as-
sumptions were made about the source of a time-
reversal-invariance violating (TRIV) potential be -
ing three-body or otherwise different from the
normal potential giving rise to electromagnetic
transitions] that TRIV in the highly hindered 501
keV y ray of that isotope could be ruled out to a
sensitivity of 107 and 10~° in the E3 and M2 com-
ponents, respectively.

The possibility of enhancement of a TRIV test
due to hindrance® led us to perform a similar test
on the 198-110 keV and 177-131 keV y-y cascades
in %*T'm and on the 283-114 keV cascade in "Lu.
1751,u is a B-decay daughter of "°Yb while **Tm
results from electron capture in °Yb. The Weiss-
kopf hindrances of the 198, 177, and 283 keV radi-
ation components are as high as 108,

A difference experiment on directional correla-
tions of the y-y cascades mentioned above was
performed to test for the presence of a time vio-
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lating term of the form (k-k’)(T,-kxk’),* where T,
is the spin of the polarized nuclear state from
which the first radiation y, emanates, after decay
from a polarized parent state /,, and K and kK’ are
the momentum vectors of the first and second
successive radiations (y, and v,) in a cascade.

We note that this appears to be the first TRIV
test on an E1 + M2 transition (the 283 keV vy ray)
and also that the difference method chosen to mea-
sure the asymmetries appears to be unique in the
literature.

The electromagnetic phase results obtained are
interpreted in terms of Weisskopf estimate nor-
malizations of the TRIV components of the y, radi-
ations in each case. Also, for the two y-y cas-
cades in '**Tm, we have interpreted the TRIV re-
sults in terms of possible mixing of the Z*[4] level
at 139 keV into the I, spin state, which is the
2'[Z] level at 316 keV, in order to estimate the
resultant expectation value of TRIV component of
the interaction Hamiltonian.

II. EXPERIMENTAL METHODS

Following the formalism recently developed by
Krane, Steffen, and Wheeler,®” the directional
correlation function can be expressed as W=W,
+W’ + W, where W, is the “normal” correlation
function of ¥, and v, (depending only on even values
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FIG. 1. Simplified decay scheme of 1%%Yb, showing the
cascades
n " " v
L—~L—Iand I{ ~ [ — I studied.

of the alignment parameter By), W’ is a “false
TRIV” term arising from precession perturbation
of the intermediate state, and W is the true T-vi-
olating contribution. The correlation function is
expressed by

W(6,, 6, @)

= E Bxl(lx)A;Iz)“(Xl)sz(Xz)Hxlxxz(elez )
Ao hahg

(1)
where A, is the index of the alignment parameters
of the initial state, A is a positive integral index
which is even when the radiation X, (see Figs. 1
and 2) is non-parity violating and A, is the even
integral for a non-parity violating X, (for further
details, see especially Ref. 7). Furthermore, the
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FIG. 2. Simplified decay scheme of " Lu, showing the
cascade

N "
I —~ I, —I; studied.

T-invariant terms in Whave A, +X +X, even while
the T-violating terms have that sum odd. Since

in these cases no parity violating components
occur, X and A, are even, It follows that the 7-
even terms involve only even-K terms in the ini-
tial orientation parameters By, and only odd-K
(polarization) B,’s can contribute to 7 violation.
Note that for nuclei oriented along the +2 axis,

By is negative for odd K.® The lowest order non-
zero T-violating term in W(6,, 6,, ®) is, in each

of the three cases studied, that witha, =1, A=2,
X, =2, which corresponds to the scalar (I-kxk’)
(k+k’). This term also dominates the 7-violating
part of W, Thus the angles 6, =60, =37, ®=47 were
chosen so as to maximize the leading TRIV term in
the directional correlation function.

The polarization was vertical, produced by a
pair of superconducting coils with reversible cur-
rent source, while the correlation was performed
in the horizontal plane. This is the N1N2 geome-
try of Ref. 6, and is illustrated in Fig. 3.

For the electromagnetic mixing ratios 6((L+1)/
L) throughout this discussion we use the conven-
tion 6=|6]e".

In each case the value of the phase sinn in the
electromagnetic mixing ratios can be evaluated by
the relation

w TRIV
Wf =a (2)
noting that sinn is contained in the left-hand quan-
tity. (The out-of-phase radiation components con-
tribute only as sinn departs from zero.) In this
manner the values of sim listed in Table I were
obtained.

In order to achieve polarization of initial states
(the 32 day half-life ground state of '®°Yb and the
101 h half-life ground state of '"°Yb) advantage was
taken of the large hyperfine magnetic field exper-
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FIG. 3. Geometry of correlation, with 6, = 6, =90°,
$=135°.
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TABLE I. Result of directional correlation computation for W(6,, 6,,®)=W,+ W, (not in-
cluding precessional effects) with 6, =6, =90°, & =135°, for the cascades of interest with
orientation parameters corresponding to T =20 mK as discussed in text. W, is the sum of
P-even terms contributing to W, and W, is the sum of P-even T-odd terms. Also listed
are the deduced TRIV asymmetries and mixing ratio phases (sinn where 6=|6|ei"). @RIV
has been deduced from the data of Table I corrected for precessional effects as described in

text,
Cascade Wy Wr/W, QTR
keV) W, (sinm) (sinn) (x107%) sinny
198-110 1.060 -0.0128 -0.012 -18 15 +0.15+0.12
177-131 1.066 -0.0068 -0.0064 -81 26 =02
283-114 1.156 -0.00134 -0.0012 +1.9+ 5.8 -0.17+0.,5

2 In this case we attempted to correct for a large (~10°) precession perturbation in a way
which may be inadequate, resulting in sinn=+1.3+0.4 (see text).

ienced by Yb nuclei when dilutely alloyed into gold.
This field has an effective value Hy; =1.77 MOe up
to 1.86 MOe as the external field on the sample is
varied from 1 kOe to 10 kOe.®*® With our applied
field of 5 kOe, we have taken H,;=+1.8 MOe as a
reasonable value. Hence significant polarization
of the !%175Yb ground states (which have magnetic
moments (~0.63+0,09)u , and (+0.40+0.05)y 4,
respectively )'° occurs at a temperature of 20 mK.
For each working sample, 20 mg of natural Yb
was placed in a sealed, nitrogen-filled container
and irradiated with a flux of 1.4x10'? thermal neu-
trons/cm? sec for 3 h. The activated Yb was then
arc-melted into gold to 2% and rolled to a thickness
of 0.2 mm. After acid etching, radiographs showed
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uniform distribution throughout the foil. A small
piece 2 mm X8 mm was cut from the foil and indi-
um-soldered to the copper sample holder with the
principal axis vertical. A diagram of the cryogenic
portion of the apparatus is shown in Fig. 4. The
working samples had initial *"*Yb activity of 5 uCi.

Two 7.6 cm X7.6 cm NaI(T1) detectors (73% res-
olution at 1,33 MeV) were positioned in the hori-
zontal plane of distances of 5 cm for the **Tm and
from 7 cm to 5 cm for the shorter-lived "SLu ra-
diation, depending on source strength. Sn shield-
ing of thickness 0.01 cm reduced x-ray lines in
each spectrum.

Two samples were utilized for the '"®Lu 283-114
keV cascade, for a total of 175 h of data accumu-
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FIG. 4. Schematic representation of experimental arrangement indicating a portion of the cryogenics, source mount-
ing, and magnetic shielding; vertical cross section (a), horizontal cross section (b).
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TABLE II. Summary of raw measured asymmetries and corrections needed for the correlations discussed in text.
Raw data is the quantity [W(t) — W(+)]/[W(¢) + W(+)] without corrections, Also listed are the measured systematic asym-
metries in the v, coincidence gating count rates and in background regions of the coincidence spectra for which the
measured asymmetries have been corrected as well as for the geometrical factor Q,(y;)@,(y;). Cold data was taken
with T' =20 mK while warm data was accumulated with T =200 mK to 4 K,

Raw measured Systematic Background Corrected
asymmetries Y, asymmetries asymmetries asymmetries
E, -E,, x10* x10t x10t x10*

(keV) Warm Cold Warm Cold Warm Cold Warm Cold
198-110 +86.1+3.7 +76.5+3.2 +0.3+0.3 +0.16+0.19 +10.2+12.4 +4.4+12.4 +221+£11 +198 10
177-131 +262 6 +223 +4 +0.3+£0.3 +0.16+0.19 +10.2+12.4 +4.4+12.4 +709+18 +609 19
283-114 +4.2+3.3 +2.5 0.2 +4,1+ 3.2 +1.9+ 5.8

lation. For the two '®*Tm cascades, measured
simultaneously, one sample sufficed to provide an
approximately equal amount of data time. Runs
were mostly of 20 min duration, with the polar-
izing field rotated over a 40 sec period through
180° between runs by an automatic data collection
system described elsewhere.'! By this means an
accumulative difference measurement of the cor-
relation function was obtained in order to deter-
mine the asymmetry

W) -w()

MNORZOK @

where W(t) indicates the directional correlation
function measured with nuclear spin pointing up
(and vice versa) and an azimuthal angle & of 135°
from detector 1 (detecting k) to detector 2 (detect-
ing k') (Fig. 3).

The methods of data accumulation and direction-
al correlation were as described in more detail
in previous papers.*!!!? The spectra were ac-
cumulated for both singles and coincidences. To
obtain good coincidence efficiency, NaI(T1) detec-
tors had been chosen. Hence for '**Tm the 198
keV (y,) and 177 keV (y,) radiations could not be
fully resolved, and the single channel analyzer
(SCA) windows were set to include both. As a re-
sult, that coincidence spectrum gives the partially
resolved 110 and 131 keV peaks so that the two
165Tm correlation asymmetries could be measured
simultaneously but separately. Typical peak to
background ratios were 4 to 1 in the coincidence
spectra.

A minicomputer based acquisition system re-
corded and integrated the peaks of interest in the
singles and coincidence spectra (including a back-
ground region). Also, the singles peak centroid
positions and SCA counts were recorded automat-
ically for each run and corresponding asymmetries
computed. The peak count asymmetries, along
with the standard deviations and Poisson X2 test
values, were automatically computed.

Residual systematic asymmetries were checked
for in the aforementioned SCA and centroid mea-
surements. Careful magnetic shielding proce-
dures, described elsewhere,*'? effectively elimi-
nated gain shifts due to magnetic interaction with
the detector phototubes. Such gain shifts were
consistently less than 0.02%.

IIl. MEASURED ASYMMETRIES

The measured asymmetries in the case of cold
(T=15-20 mK) and warm (0.2, 0.5, and 4 K) tem-
peratures are listed in Table II. The measured
asymmetries listed have been corrected as follows:

(1) Corrections for systematic asymmetries
were made by noting that the effect of a positive
systematic asymmetry in y, count rate is to reduce
the measured correlation asymmetry. Small ad-
ditive corrections for residual systematic asym-
metries in the single channel analyzer outputs, as
listed in Table II, were made.

(2) Asymmetries in the background regions of the
coincidence spectra were measured as listed in
Table II. Corrections were made accordingly.
These corrections had an effect of 10-20% on the
measured asymmetries.

(3) Finally, corrections for representative true-
to-chance ratios of 4.5:1 and 7:1 in the **Tm and
15Lu measurements, respectively, were made by
appropriate multiplicative factors. In the last two
columns of Table II are the asymmetries after the
three corrections listed above and finally after
correction for the standard factors @,(v,)@,(v,)
for finite detector angular resolution.

IV. TRIV INTERPRETATION OF DATA

The orientation and angular distribution param-
eters used in computer computations of the direc-
tional correlation functions for each of the three
cases studied, both at 7=20 mK and at higher
temperatures, are enumerated and discussed in
the Appendix.
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For the two correlations in !**Tm, the measured
(corrected) asymmetries @," at warm tempera-
tures listed in Table II were found to correspond to
precessions of the intermediate states (I,) of 23
and 10°, respectively. These would contribute the
terms W’ to the correlation functions. From the
intermediate state half-lives f, ,, =63 psec and
0.32 nsec and from the magnetic dipole moments
1 =(0.735+0.053)u  and (1.32+ 0.085)u , for the
118 and 139 keV states,’® respectively, one finds
that these mean precession angles are consistent
with an “effective” hyperfine field of 0.2-0.3 MOe.
Of course, this result cannot be related simply to
the actual hyperfine field of Tm in gold due to the
disruptive effects of the preceding electron cap-
ture in '%*Yb coming through relatively short-lived
states. However, such an interpretation of the
precession does tend to support a previous mea-
surement’? of that hyperfine field which put an
upper limit of 1 MOe on its magnitude.

198-110 keV correlation in '**Tm

An effective precession angle for the intermedi-
ate state of (2.6+0.13)° (deduced from the mea-
sured warm correlation asymmetry) led to the
prediction that the “warm” asymmetry should be
4.9x107* larger than the asymmetry measured
at “cold” temperatures, in the absence of TRIV.
However, this experiment resulted in a much
larger difference, 22.6x107% The difference be-
tween the prediction and measurement, including
uncertainty in the precession angle, gives the re-
sult for the TRIV-related asymmetry; i.e., that
contribution not accounted for by precessional
perturbation is found to be given by @
=(18+15)x107* leading to a phase of the E2 com-
ponent with respect to the M1 component of one
198 keV radiation equal to sinn =+0.15+0.12.

Although the preceding result does not place a
highly sensitive upper limit on the magnitude of
sinn, the large hindrance factors for the M1 and
E2 radiation components lead to reasonable upper
limits on the out-of-phase TRIV components of the

associated transition matrices.
J

effect:

_16]sim
O=g5

The partial transition rates for the M1 and E2
components of the 198 keV transition, found by
using the previously quoted values for lifetime and
mixing ratio and by deducing partial lifetimes of
2.0 and 20 usec, respectively, for these compo-
nents of the y radiation,’® are found to be: T7,(M1)
=3.65x10°% sec™, 7,(E2)=3.3x10%sec™. These
values lead to hindrances in Weisskopf units!®
H,(M1)=0.67x108 and H,(E2)=0.6x10°

As we pointed out in an earlier paper,* it is quite
useful to evaluate the imaginary (out-of-phase)
parts of the electromagnetic matrix elements as
functions of the Weisskopf estimates. Hence we
have

Im(2||M1||1)  -sinp, _ 9
[(2 a1 1)y ‘[HW(MI)]I/a——(l.st 1.5)x10

and

Im(2 | E2 1)
<2 E2 | 1)y |

where the denominators are the Weisskopf esti-
mates for these transition amplitudes (the square
roots of Weisskopf transition rates).

Analysis of previous TRIV experiments on M1
+ E2 transitions'?'!’"® shows the present null re-
sult to be of comparable sensitivity.

To explore further possible consequences of
this TRIV measurement, let us consider the hy-
pothetical situation where TRIV in the 198 keV ra-
diation comes about as a result of TRIV mixing of
the I™=1%, K=L level at 139 keV into the 316 keV
state, since this is the only known nearby state
with equal spin and parity.?* Following the argu-
ments of Ref. 5, if this mixing occurs, then some
of the out of phase radiation would be “mixed into”
the observed 198 keV y rays. We would write for
the 316 keV initial state | 1), with the convention
| I"K), |1)=|3)+ie|2"L), wheree=
(2| Hpgy | 1) /0.177 MeV, (2| Hpyy | 1) being
the expectation value of the 7T-violating part of the
interaction Hamiltonian, assuming H=H,+iH 1g;y.
Writing | 1) =|1e) +i|10),|2e) +i|20), where e
and o indicate T-even and T-odd parts, we have,
from Ref. 5, the following expression for the TRIV

=+(6.2+5.0)x1073,

e [( 2¢ || E2 | 1e){2e|| M1 ] 10) —(2e| M1 | 1e){2e]| E2 ||‘10):,
(2e||M1]|2e)2+(2e| E2 | 1e)? ’

This allows for an evaluation of the first order
perturbation parameter € and thus of 2 | Hygy | 1).
In order to do so, the four matrix elements in Eq.
(4) must be computed as follows. The reduced ma-

4)

trix elements (2e || M1 || 1e) and (2e|| E2| 1le) are
obtained from their definitions as square roots of
partial transition probabilities for the M1 and E2
components of ¥ radiation in the 198 keV transi-
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tion. Hence we have
(2e||M1]| 1e) =[Te(m1)]*/2=0.6 x10° sec™*/2
and

(2e|| E2 || 1e) =[Te(E2)}*/2=0.18x10° sec /2.

The (2¢]|1[|10) matrix elements can be estimated
by determining the partial transition probabilities
for M1 and E2 y radiation in the 20.8 keV transi-
tion from the £* 139 keV state to the 3* 118 keV
state. To do so we then correct for transition
energy dependence E°® and E° in the M1 and E2
components, respectively, and take §*(E2/M1)
=17.15X%10"* (Ref. 13) and a deduced branching
ratio 0.335.25:2® The results are

(2e||[M1]l10) =1.10 X 10° sec '/
and

(2e|| E2]|10) =2.79 x 10* sec~'/2.

(Substantially similar values, within 15%, for
these last two matrix elements result from ap-
plying values for the intrinsic parameters of the

=1 ground state rotational band obtained from
energy line fits in !**Tm 3 to theoretical formulas
for the reduced transition probabilities in ro-
tational bands.?7:28)

From these four reduced matrix elements, Eq.
(4) yields the result

(2|Hpgyl1)=(0.177 MeV)e=(6.83 x 10~ MeV) sinn,

which becomes, with the value for sinn determined
in this experiment,

{2|Hgy|1)=+1.0£0.8 keV,

thus establishing a reasonably small upper limit
on this TRIV part of the interaction under the par-
ticular state mixing we have hypothesized.

One could also consider mixing of the [Z*3)
state at 718.3 keV into the 316 keV level. How-
ever, insufficient available information on branch-
ing, mixing ratios, and lifetime make that im-
practical at present.

perturbation it is possible to show that

6=€[(2ell L'||1e) ({2e|l L]|2e) =({1le|| L]l1e)) -(2e]|| L]l 1e) ((2e]| L’ [|2e) —(le]| L’ || 1e)]

177-131 keV correlation in '**Tm

After attempting to correct the large measured
asymmetry for the effect of the 10° precession
angle deduced from the warm data, we were left
with the anomalous result @™V=-(81+26)x 10,
indicating a possible nonzero TRIV effect. How-
ever, the large precession perturbation throws
doubt upon such an interpretation, since the as-
sumption of equal mean precession angles over
the range of observation temperatures may not be
correct, not to mention other physical effects
which may not be understood for such a large per-
turbation. We note that such an asymmetry result
leads to a value for the corresponding mixing
ratio phase angle given by sinn=+1.3+0.4. It
seems safe only to deduce, as shown in Table I,
that sinn = 0.

Nevertheless, the following simple arguments
show that a modestly sensitive measurement of
sinn could yield a quite good TRIV measurement.

From relative intensity measurements and total
conversion coefficients?®:26:2%:30 a]ong with theo-
retical values for a(M1) and a(E2),'> we compute
the experimental partial transition rates T,(M1)
=2.0x10° sec™* and T,(E2)=3.8 X 10* sec™ for
the 177 keV transition, with hindrances H,(M1)
=8.8 X 10° and H,(E2)=3.1 X 10* Weisskopf units.
Hence, as fractions of the single-particle Weiss-
kopf estimates, we have

kzlz(ﬂi;“l;:) = (~1.1x 10"%)siny

and

Im@2 | E2[1) _

- — -3 i
ez, (-1.1x10"%) siny,

so that a measurement of |siny| <0.1 or better
would yield a good TRIV test.

Let us now consider what would be the effect
of direct mixing of the [2*3) 139 keV and [£*3)
316 keV states participating in the 177 keV tran-
sition, a mixing we consider allowed since the
spins and parities are equal. Again, following
arguments of Ref. 5, we let the 316 keV state be
[1) and the 139 keV state be [2), and consider
mixing of the type |2) = |2¢) +ie[1le), |1)
= |1e) +i€|2¢), where €=(2[H 15, [1)/0.177 MeV.
With this kind of mixing, then, from first-order

5

(2el Ll1e P+ [(2el £ [ 163 ®

_ A8l [ Gel a0 te (1110 _ Gel1 20~ (rel111)] o
“Trel elZlio el Tio
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For this case, since we are dealing with static moments, we formulate the mixing in terms of the
reduced matrices of the multipole tensor operators, (M) ||),3! rather than the transition rate defined
matrices used earlier. Equation (6) can be recast in the following form:

sinn =€ { elm@ 1) [1e)

The matrices of the form (le|9n(r) ]| 1e) are re-
lated to observable moments by the relations®

p=(£n)2Q1 +1)" 2 (110 | I ) (IK || (M1) || IK)
(8)

and
eQ=(¥m)'2@2r+1)""2(1r20 | ) { IK | M(E2) || IK) .
(9)

Using a value p =(0.154 £0.008)uy 3 for the mag-

netic dipole moment of the 316 keV state and u

=(1.318 £0.065)u, for the 139 keV state!® we obtain

(FZllon1) | £%) =0.2420.01 and ¢ & [lm(M1)][F 4
=(2.1£0.1)u,,.

Using a value (7.7+0.2) X 10?> efm? for the in-
trinsic electric quadrupole moment @, of the
ground state rotational band in **Tm, we assign
through the relation

the following quadrupole moments:
Q(316) =(3.60+0.09) x 10? efm?,
Q(139)=-(2.4+0.07) x 10? ¢ fm?,

which result in the following matrix elements,
using Eq. (9):

(L% ||m(E2) || %) =(~4.72£0.1) X 10* ¢ fm?,
(F4llom(E2) [ £4) =(+3.220.1) X 10? e fm? .

The transition matrix elements are found as
follows. The reduced transition probabilities
B()\) are evaluated from the partial lifetimes of
the M1 and E2 transitions ¢,,(M1)=3.520.6 usec
and ¢,,(E2)=18.4+3.3 usec, i.e.,

B(M1)=[7(M1)(1.76 X 10®)E® (MeV)] *p,?
=(2.0£0.3) x 10™%,2
and
B(E2) =[7(E2)(1.22 X 10°)E® (MeV)] ~' e 2 fm*
=0.18+£0.03 e2fm*.

From the relation

BO) =57 10y Ky N0 1 4,) I (10)

(2e (1) |2¢) - (e fon@1) [1e) _(2e | 9(ER) | 2e) - (1e [om(ER) | 1e>$
2em(E2)[1e) ’

(7)

we find

(2eflm@11) [ 1€) =(4.0£0.3) x 10™2 1,
and

(2e|m(E2) [ 1e) =-1.2£0.1 ¢ fm?,

recalling that the E2/M1 mixing ratio is negative.
Thus, solving for € in Eq. (7) we have

€=(8.8 x 10" sinn
so that
(2|Hpgpyl1)=(~1.6 X 10~ MeV)sing.

Hence with this mixing model a null measurement
of sinn of sensitivity 10~! or better would yield a
measurement of the T-violating part of the Hamil-
tonian to a sensitivity of the order of 10 eV or less,
comparable to some recent work.3*

A measurement of TRIV in the 177 keV radia-
tion by some other method which avoided the pre-
cession problem would provide a meaningful TRIV
test in this case. For example, if the linear po-
larization € of the 177 keV y ray is measured,
and the initial 316 keV level with spin I is polar-
igeci, then _a search for a term of the form
(k -I,x &)(I,- &){,-k), could be performed.

175

283-114 keV correlation in  “Lu

Since "*Lu does not experience any significant
hyperfine field in gold, precessional effects were
not important, and the corrected cold data yielded
directly

Q™V=4(1.92£5.8)x 10",

Here we have no obvious candidates for state
mixing, so we shall discuss only Im(|| E1 ) and
Im([|[M2]]) for the 283-keV transition. The ex-
perimental values for partial transition rates in
the y ray are T,(E1)=17.7x 10" sec™ and T,(M2)
=1.24 x 10° sec™, thus leading to hindrances of
Hy(E1)=5.1x10° and H,(M2)=10.2 in Weisskopf
units, so that

Im(2 E1fj1) _ -3
E’IEI—"-%H— +(0.2 10.7) x 10

and

Im(2[M2(1) _
WW"EW——O.OS +0.16.
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So the present work has resulted in a test of T
violation to 1073 sensitivity in the E1 component
and 107! in the M2 component of the 283 keV
radiation. As remarked earlier in the Introduction,
this appears to be the first test by any method for
TRIV components in an E1+M2 transition.

V. CONCLUSIONS

The results of this experiment show that, when
certain assumptions about the nature of T-violating
potentials are made, TRIV can be precluded to an
upper limit of 1072 to 10~ in the M1+ E2 198 keV
transition in **Tm and in terms of a simple state
mixing model to show that the T-violating part of
the mixing Hamiltonian would have to be zero
within about 2 keV. Similarly, TRIV is ruled out
to a sensitivity of ~10~% in the E1 component and
~10~! in the M2 component of the 283 keV E1+ M2
y radiation in 'Lu. We have also argued that a
reasonable measurement (107! - 10~? or better) of
sinn in the mixing ratio of the 177 keV y ray in
189Tm by some method other than directional cor-
relations would provide a good TRIV test.
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APPENDIX

Since certain estimates were required in ar-
riving at orientation and angular distribution pa-
rameters to be used in computing directional cor-
relation functions, we enumerate here the relevant
parameters for each of the three cascades studied.

198-110 keV

For the 20 mK correlation, from previous work!®
we had B,(I))U,(I,)G,(v,) = B,(I,) =0.046 £ 0.004,
where B,(I,) is an orientation parameter of the
initial **Yb ground state, U,(I,) is the deorienta-
tion parameter due to the electron capture decay
of that state to I,, and G,(y,) is the attenuation
coefficient for the angular distribution of y,, and
6,(E2/M1)=-0.30. Assuming G,/G,~1.75 and,
by deduction from the tables of Ref. 35, that
U,/U, ~1.25, B\(I,)/B,(I,)=-2, we deduce the
value B,(I,)=-0.23+0.1. B,(I,) and B,(I,) were
set equal to zero. From the mixing ratio
62(E2/M1) =-0.17+0.03 for the 110 keV y ray'®
we have for the angular distribution of y,, A4,
=0.667+0.046 and A,=0.02. For the T=4 K cor-
relation, we used B,(I,)=-0.00016, B,(I,)=B,(I,)
=B,(I,)=0.

177-131 keV

Since the 177 keV y ray originates at the 316
keV level, the orientation parameters for this
case are identical to those of the preceding case,
while the angular distribution coefficients for the
pure E2 131 keV y ray are A,(y,)=-0.468 and
A,(y,)=-0.358. For the 177 keV radiation, §,
=-0.4410.01.%°

283-114 keV

From the 8 decay of the "°Yb ground state to
the 396 keV level (7,) in '"Lu, the deorientation
parameters are U,=0.975, U,=0.925, U,=0.8498,
U,=0.7495."* From Ref. 7 we have for the 20 mK
alignment parameters of the "*Yb ground state
B,(I,)=-0.72, B,(I,)=0.25, B,(I,)=-0.06, B,(I,)
=0.01, and for the 283 keV y ray, 6,(M2/E1)
-0.036+£0.004.° No attenuation of the y, angular
distribution has been observed so we use for the
correlation parameters B,(J,) =B,(I,)U,(1,)=-0.70
and similarly B,(I,)=0.23, B,(I,)=-0.06, B,(I,)
=0.008 at T=20 mK. At T=4 K we used the val-
ues B,=-0.003, B,=B,=B,=0. For the 114 keV
radiation, 6,(E2/M1)=0.45," which gives A,(y,)
=-0.452, A,(y,)=+0.098.

*Work performed under the auspices of the U. S. Atomic
Energy Commission.

TU. S. Atomic Energy Commission-Associated Western
Universities, Inc., graduate fellow. This work is part
of a thesis to be submitted to the Department of Phys-
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FIG. 4. Schematic representation of experimental arrangement indicating a portion of the cryogenics, source mount-
ing, and magnetic shielding; vertical cross section (a), horizontal cross section (b).



