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ed-wave Born approximation for the inelastic
scattering. To say any more would require
the use of more sophisticated nuclear models
then those used here. We want to thank H. Pa-
levsky and J. Friedes for furnishing us with

a preprint of their work before publication,

as also did C. Wilkin and W. Czyz.

*Work supported in part by the U. S. Atomic Energy
Commission under contract with Michigan State Uni-
versity.

1y, Palevsky, in Proceedings of the International
Conference on Nuclear Physics, Gatlingburg, Tennes-
see, 1966 (to be published), and in Proceedings of the
Second International Conference on High Energy Phys-
ics and Nuclear Structure, Rehovoth, Israel, 1967 (to
be published).

2{. Palevsky, J. L. Friedes, R. J. Sutter, G. J. Igo,
W. D. Simpson, G. C. Phillips, D. M. Corley, N. S.
Wall, R. L. Stearns, and B. Gottschalk, Phys. Rev.

Letters 18, 1200 (1967).

33. L. Friedes, H. Palevsky, R. J. Sutter, G. W.
Bennet, G. J. Igo, W. D. Simpson, and D. M. Corley,
to be published.

*W. Czyz and L. LeSniak, Phys. Letters 24B, 227
(1967); R. H. Bassel and C. Wilkin, Phys. Rev. Let-
ters 18, 871 (1967).

H. F. Ehrenburg, R. Hofstadter, U. Meyer-Berk-
hout, D. G. Ravenhall, and S. E. Sobottka, Phys. Rev.
113, 666 (1959).

8C. Wilkin, Brookhaven National Laboratory Report
No. BNL 11722, 1967 (unpublished).

V. Gillet and M. Melkanoff, Phys. Rev. 133, B1190
(1964).

8H. K. Lee and H. McManus, Phys. Rev. 161, 1087
(1967).

D. Hasselgren, P. Renberg, O. Sundberg, and G. Ti-
bell, Nucl. Phys. 69, 81 (1965).

R, M. Haybron, Nucl. Phys. 79, 33 (1966).

W, Benenson and G. M. Crawley, Bull. Am. Phys.
Soc. 11, 477 (1966).
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The nature of the spectrum of radiative tran-
sitions following slow-neutron capture has formed
a subject of abiding interest in low-energy nu-
clear physics. The presence of anomalously
strong high-energy y rays in thermal capture
has suggested to many workers the possibili-
ty of single-particle effects in the capture mech-
anism.'? A powerful tool in the elucidation
of this question is provided in the measurement
of capture spectra in individual resonances
in the epithermal neutron energy region.

As Lane and Lynn® have shown, anomalous-
ly strong E1 transitions to final states having
a largely single-particle character are to be
expected both in resonances (“internal and chan-
nel resonant capture”) and between resonanc-
es (“direct or potential capture”). We have
previously offered evidence for the presence
of the latter, the direct-capture effect.®* The
purpose of this paper is to present evidence
for the former effect.

Following the notation of Ref. 2, the resonance
contribution to the collision matrix element
for the (n,y) reaction is as follows:
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The 0Ty, 7/ in the above expression arises
from the evaluation of the dipole integral in
the external or “channel” region, »>R. The
size of 6Ty, A/* is shown to be dependent on
the reduced neutron widths of the initial and
final states:
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where the #’s represent the dimensionless re-
duced-width amplitudes. (In Ref. 2 it is point-
ed out that the “internal” term TY,, fl/"’ may
also contain a contribution dependent on the
reduced neutron widths. It is not experimen-
tally possible to distinguish these components.)

A consequence of the Lane and Lynn analy-
sis is that for 67 ¢#0, a nonzero, positive
correlation exists between partial radiative
widths and reduced neutron widths. We assume
that for those final states excited in the (d,p)
reaction, 67.¢#0 and the above correlation
should be present.

The point of departure for our analysis is
to assume that the initial-state (compound-nu-
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cleus) wave function is the sum of a single-par-
ticle—plus—core term and a complicated resid-
ual term corresponding to a hierarchy of more
complex excitations. We then write the follow-
ing expression for the radiative-width ampli-
tude for an electric dipole transition from ini-
tial state 7 to final state j:

r_=A(r °3V*+T 12 (3)
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The first term results from the single-parti-
cle component of the initial state. The follow-
ing correlation coefficients may be defined:
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We make the plausible assumption that

corr(rcz_juz, Pm'o 1/2) = 0, (6)

and then the following relations will obtain:
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It has been established that radiative-width
and reduced-neutron-width amplitudes are Gauss-
ian, and consequently the widths follow a Port-
er-Thomas or chi-squared distribution with
one degree of freedom.®? We must consider
the problem of dealing with correlated chi-squared
distributions. Experimentally, only the widths
are measured and the sample correlation co-
efficients R and T are determined:

R={corr(T .,T %),
Yy nt o j

T= (corr(I“_y.., r _.)» (9)
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where R is averaged over the N final states
j, and T is averaged over all 3N(N~-1) pairs
of final states.

The connection between these experimental-
ly determined average sample coefficients R
and T and the p and 7 parameters is established
by calculating the distribution of R and T from
correlated distributions of width amplitudes
with assumed values of p and 7.

The experiment was carried out with the fast-
chopper, neutron time-of-flight facility® at the
Brookhaven High Flux Beam Reactor with 192

g of Tm,0O,. Thulium is monoisotopic (4 =169),
and the low-lying states of }0Tm,, are well
known from comprehensive (d,p) and thermal
(n,v) experiments.” Capture events were ob-
served as a function of neutron time-of-flight
over a period of 80.9 h. A flight path of 21.7
m with a time resolution of 0.29 usec/m was
employed. The y rays were detected in a 10
cm?® Ge(Li) detector with an over-all resolution
of 0.17% at 7 MeV. Events were recorded on
magnetic tape, which was later scanned to sort
out the y rays corresponding to the various
resonances of ***Tm(xn,y)'Tm. Relative tran-
sition strengths were obtained by the usual pro-
cedure of calculating the ratio of events fall-
ing in the detector two-escape peak to the to-
tal events recorded above 1.56 MeV. Absolute
line intensities were obtained by comparing
the intensities observed in the present exper-
iment at thermal neutron energies with the ab-
solute intensities determined in Ref. 7.

Table I presents the results of the thulium
experiment including eight resonances with
J"=1" and 15 final states is °Tm below 1.080-
MeV excitation energy. These final states were
also observed in the (d,p) experiment of She-
line et al.”

Several resonances below 83 eV have been
omitted from the analysis for the following rea-
sons: (a) The resonance spin and parity are
known to be 0%, (b) the spin is not known, or
(c) the resonance is not well resolved in our
experiment. The omitted resonances are at
14.4, 54.0, 59.2, 63.0, and 65.8 eV.® All oth-
er known resonances below 83.4 eV have been
included. We have no reason to believe that
exclusion of the above resonances introduces
a statistical bias in the results. From the 120
entries of Table I we have calculated the R and
T correlation coefficients. The results are
the following:

R=+0.274, T=+0.088.

A Monte Carlo calculation is employed to
generate values of R and T for comparison to
experiment in the following manner. For each
resonance, ¢=1-+-M, a set of numbers picked
from a univariate normal distribution of zero
mean and unit variance is chosen to form a
vector Z=(z;9++2;y). A linear transforma-
tion Y=A7Z creates a vector Y which follows
a multivariate normal distribution whose ele-
ments y,;q and Yijs j=1-+-N, represent reduced-
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Table I. Photon intensities observed in resonances of ¥*Tm@,v)"®Tm. The neutron re-
duced widths are also shown at the bottom of the table.

169 170
Tm(n,y) ™" "Tm
3
En Iy(photons per 10° neutrons captured)
E'Y (eV)
(MeV)

3.9 17.5 29 34.8 38 44 50.7 83
6.59% 1.6 1.2 2.8 0 1.3 1.2 1.2 0.17

+ 0.2 + 0.3 + 0.32 + 0.28 +0.76 + 0.48 + 0.44 + 0.39
6.556 7.2 0.64 2.1 0 1.3 1.1 -0.081 1.3

+ 0.24 + 0.22 + 0.68 + 0.234 +0.76 + 0.48 + 0.32 + 0.44
6.445 1.8 0.46 0.30 0 2.9 0.80 0.44 1.38

+ 0.16 +0.24 + 0.59 + 2 + 0.96 + 0.45 + 0.44 + 0.50
6.389 2.2 0.29 1.2 1 1.03 1.7 0.52 0.39

+ 0.2 + 0.24 + 0.68 + 8 + 0.82 + 0.6 + 0.40 + 0.49
6.375 0.96 0.22 0.59 1 3.7 0.50 0.56 0.17

+ 0.09 + 0.24 + 0.59 + 3 + 1.0 + 0.45 + 0.44 + 0.44
6.356 2.5 0.68 0.67 0. 2.1 3.8 1.09 2.0

+ 0.17 + 0.26 + 0.59 + 0.32 + 0.92 + 0.68 + 0.44 + 1.8
6.003 1.6 1.6 0.15 0. 1.0 1.0 0.77 1.6

+ .17 +0.33 | +0.74 +0.36 +0.9 + 0.64 +0.48 +0.56
5.945 5.5 0.92 2.6 0. 4.2 -0.10 1.5 1.5

+0.22 + 0.32 + 0.88 + 0.39 + 1.1 + 0.50 + 0.56 + 0.64
5.911 2.0 0.20 1.5 0. 0.62 0.25 0.44 -0.22

+ 0.3 +0.31 + 0.8 + 0.42 + 0.92 + 0.55 + 0,52 + 0.61
5.900 0.52 0.31 0.075 2. -0.10 0.45 -0.52 0.0

+ 0.17 + 0.31 + 0.74 + 0.48 + 0.82 + 0.55 + 0.48 + 0.55
5.809 -0.16 3.2 -0.44 0. -0.41 0.60 0.68 0.89

+ 0.16 + 0.4 + 0.74 +0.39 + 0.82 + 0.55 + 0.56 + 0.66
5.736 2.7 0.58 0.9 0. 0.8 1.0 0.32 1.1

+ .24 + 0.33 + 1.6 + 0.44 + 1.6 + 0.68 + 0.57 + 0.64
5.730 1.3 3.5 +0.74 0. 0.41 0.9 3.3 0.22

+0.12 + 0.46 + 0.82 + 0.42 + 0.92 + 0,60 + 0.64 + 0.66
5.684 0.040 -0.020 -0.74 1. 1.13 3.0 3.1 0.22

+ 0.18 + 0.31 + 0.74 + 0.44 + 1.03 + 0.76 + 0.68 + 0.66
5.518 1.7 0.92 0.59 0. 0.72 0.70 0.48 0.96

+ 0.2 + 1.2 +0.81 +0.48 +1.13 + 0.65 + 0.64 +0.72
I"no(mv) 3.5 0.61 0.036 1. 077 0.51 0.79 0.82

+0.3 +0.10 | + 0.006 | + 0.05 + 0.0067 | +0.03 +0.10 + 0.04

neutron-width amplitudes and radiative-width
amplitudes, respectively. The elements of

A, governed by the relation between p and 7
implicit in Eq. (8), are functions of p and 7.
To include experimental errors 045 the widths
are formed as yz-]-2+ ("ij/<rij>i)xz'j; where x;;
is a normally distributed random variable (j
=0-+-N).
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R and T distributions are calculated by iter-
ation of the above procedure until a frequency
histogram of adequate accuracy is formed.
Some of the results of such analyses are shown
in Fig. 1. The percentile positions of the ex-
perimental values in the integral probability
distributions of R and T, determined for 1000
iterations, are plotted as functions of the av-
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FIG. 1. The percentile positions of the average sam-
ple correlation coefficients R=0.274 and T'=0.088 as a
function of the mean theoretical parameter pM2 for
Ty =0, and as a function of Ty, for py;%=0.

erage correlations py,/” and 7p/ (averaged over
final states). Figure 1 shows that the exper-
imental values R=+0.274 and 7=+0.088 fall

at the 99.9 and 98.1 percentiles, respectively,
for the values p;= Tjj/:().g It is demonstrated,
therefore, that a significant positive correla-
tion exists.

Analysis of Fig. 1 and further calculations
of the type outlined above enable us to draw
several additional conclusions: (a) The value
of pp/ lies in the range 0.2 <py/ <0.7 for 10
to 90% confidence limits. (b) The value of 72
is less well determined by the available data,
but it is probably near zero.

To summarize, we have domonstrated a sig-

nificant positive correlation between reduced
neutron and radiative widths in *Tm(z, ¥)'"Tm,
verifying the suggestions of Lane and Lynn.

It seems probable that the small but significant
positive correlation between the radiative widths
themselves is a result of the same process.

The positive sign of the correlations is consis-
tent with the multivariate normal distribution

of amplitudes proposed by Krieger and Port-

er (Ref. 5).

*Work supported by the U. S. Atomic Energy Commis-
sion.

fState University of New York, Stony Brook, New
York.

lc. K. Bockelman, Nucl. Phys. 13, 205 (1959).

ZA. M. Lane and J. E. Lynn, Nucl. Phys. 17, 563
(1960).

30. A. Wasson, M. R. Bhat, R. E. Chrien, M. A.
Lone, and M. Beer, Phys. Rev. Letters 17, 1220
(1966).

‘R. E. Chrien, D. L. Price, O. A, Wasson, M. R.
Bhat, M. A. Lone, and M. Beer, Phys. Letters 25B,
195 (1967).

5T, J. Krieger and C. E. Porter, J. Math. Phys. 4,
1272 (1963).

SR. E. Chrien and M. Reich, Nucl. Instr. Methods 53,
93 (1967).

'R. K. Sheline, C. E. Watson, B. P. Maier, V. Gru-
ber, R. H. Koch, O. W. B. Schult, H. T. Motz, E. T.
Jurney, G. L. Struble, T. V. Egidy, Th. Elze, and
E. Beiber, Phys. Rev. 143, 857 (1966).

®Neutron Cross Sections (Government Printing Office,
Washington, D. C., 1966), 2nd ed., 2nd Suppl., Vol. Ilc.

9This result can be shown to be distribution free.
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The need for re-examination of linear momen-
tum associated with electromagnetic fields in
matter has been emphasized in several recent
publications.'™® In particular, Costa de Beau-
regard® has pointed out a failure of the action-
equals-reaction principle in the interaction
between a current loop and an electric charge.
He concludes that a force must act on the cur-
rent loop when the moment of the loop chang-
es in the presence of an electric field:

.
- -

F=ExM,/c, )

where 1\711=IK/C is the magnetic moment of cur-
ent I flowing on the boundary of area A. Cos-
ta de Beauregard does not explicitly calculate
momentum in the electromagnetic fields. From
considerations of electromagnetic momentum
Shockley and James? independently concluded
the necessity for the force F in the case in which
the field E is undisturbed by I. (When the cur-
rent loop is a conductor that does disturb E

by acquiring an induced electric dipol_e_, F is
produced by the conventional EinvxE= —ﬁ/ c
acting on the surface charges on the conductor.)
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