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Atomic and Nuclear Effects in the Slow-Neutron Total Cross Section of Terbium

S. S. Malik, M. Kamal, t T. Turano, and J. S. Desjardins
Department of Physics, University of Rhode Island, Kingston, Rhode Island 02881

(Received 31 May 1972; revised manuscript received 7 May 1973)

The total cross section of terbium has been measured for neutron energies E„ from 0.003 to 1.78 eV.
For neutron energies above the Be cutoff a new method employing two crystal monochromators in

series was used. For E & 0.005 eV a single-crystal monochromator in conjunction with a Be filter
was employed. Using earlier measurements of the radiative~pture cross section, the experimental

results have been ~n!Iyzed to include the contributions due to paramagnetic scattering, coherent
scattering, and phonon effects. The analysis shows that the experiment and the calculations are
consistent everywhere except 0.015 E„0.10 eV. In this energy range inelastic coherent scattering is
not accurately accounted for with the use of Placzek's incoherent approximations. In addition
crystalline-field effects give rise to further complications. The comparison between the experiment and the

calculations for 0.015 & E„k 0.10 eV suggests that studies of coherent inelastic scattering and

crystldline-field effects in terbium metal are needed. The experimental results for E„0.12 eV yield the

potential scattering cross section as 7.5 + 0.5 b. This corresponds to a spin-independent nuclear radius

of 7.73 + 0.27 fm and to a radius parameter of 1.43 + 0.05 fm. The results suggest that the incoherent

scattering cross section, if present, is very small (~ 1.0 b).

I. INTRODUCTION

A large amount of data has been reported for
slow- neutron total cross- section measurements.
There is a qualified exception to this statement,
namely, that the measurements relating to incident
neutron energies E„50.05 eV are fewer than those
for E„+0. 05 eV. This exception is even more ev-
ident for slow-noutron cross sections of nuclei in
the rare-earth region.

The purpose of this study was twofold. One was
to make total cross-section measurements employ-
ing crystal monochromators covering the energy
range from a few eV to a few meV in a continuous
manner. The second objective is to attempt to ex-
plain the observed cross section in terms of partial
cross sections. The predominant processes con-
tributing to the total cross section for rare-earth
nuclei in polycrystalline medium are radiative cap-
ture, coherent, incoherent, and magnetic scatter-
ing.

The monochromating system utilized a combina-
tion of two neutron monochromators in series. The
crystalline form of the two monochromators to be
used in such a system should have symmetry prop-
erties so that one of the monochromators yields a
forbidden second-order reflection while the other
yields a forbidden third-order reflection. The use
of forbidden higher-order reflections dates back to
Fermi~ and has been exploited in the form of a sin-
gle-axis instrument either as a monochromator
or as an analyzer. 5 We know of no study where
such a characteristic has been used to develop a
two-axis neutron monochromator, although a two-
axis system for studying diffraction patterns has
been studied by Caglioti and co-workers'~ and by

Willis. A major result of these works is that in-
tensity focusing results in the parallel combination
of the two crystal monochromators.

We have successfully used the two-axis system
to yield monochromatic neutron beams of high pur-
ity down to E„=0.014 eV. The low-energy limit
was due to design constraints in the arm motions
of the two axes. These constraints are now being
partially removed. A study of the resolution-in-
tensity characteristic of the two-axis system shows
that in addition to focusing, the system is capable
of superior resolution characteristics when com-
pared to a single-axis monochromator employing
siInilar collimators.

The total cross-section measurements were
made by interposing the sample between the two
monochromators. Such a procedure significantly
reduces the effects of inelastic and multiple scat-
tering. The reported values of the total cross sec-
tion have an accuracy of 1% or better except for a
few points in the neighborhood of 1 eV where sta-
tistical errors are larger but always less than 5%.
The sample used was terbium metal. This particu-
lar choice was based on the fact that the element is
a single isotope and that the independent measure-
ments of radiative-capture cross section, 9 para-
magnetic form factor, ' ' and coherent-scattering
cross section, "' aQ of good accuracy, were avail-
able.

Using the experimental results from the works
mentioned above, present data have been subjected
to a comprehensive analysis. The analysis includes
generating contributions of various partial cross
sections covering the range of energy pertinent to
the present measurement. The paramagnetic cross
section was obtained by numerically integrating the
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The experimental arrangement employed is
shown in Fig. 1. The neutron beam from the re-
actor was collimated using a 16' collimator located
in the beam pipe. The monochromator on the first
axis of the two-axis system was Be(1011). The col-
limator after the first axis had a horizontal diver-
gence of 12'. The sample mount was an x-ray go-
niometer mounted on a slide which in turn was
mounted on top of a 5-in. rotary table. The second
axis followed the sample mount. The monochro-
mator on the second axis was Ge(311) followed by
an 18' collimator. The neutron detector was a He

REACTOR
SHIELD

PLUG
~42in. ~

tr///r///rr&

f//////////1

SHIELD AND
DETECTOR

E-—REACTOR WALL

TWO AXIS NEUTRON SPECTROMETER

FIG. 1. Schematic diagram of the bvo-axis crystal
monochromator. Cq, C&, and C3 are the Soller Colli-
mators. Xq and X2 are the Be(1011) and Ge(311) crystal
monochromators. S is the sample.

differential cross section employing measured val-
ues of the paramagnetic form factor. The coher-
ent-scattering cross section included the inelastic
contribution as well. This contribution was esti-
mated using Placzek's incoherent approximation. '
The measured radiative-capture cross sectione
was first analyzed in terms of contributions due to
positive- and negative-energy resonances. These
results were then utilized to generate the radiative-
capture cross section at any desired value of en-
ergy.

The results of the analysis are that there is good
agreement between the calculations and the measure-
ments except in the energy range where Placzek's
incoherent approximation for the estimation of in-
elastic coherent scattering is expected to be least
applicable and where possible crystalline-field ef-
fects distort the paramagnetic-scattering cross
section. The analysis of the data for E„&0.12 eV
(where results of experiment and analysis are in
agreement) has been utilized to evaluate the poten-
tial-scattering cross section 0~. The value of 0~

resulting from the experiment and the analysis is
'7. 5~ 0. 5 b.

A. Experimental Details

proportional counter. Reactor power was moni-
tored using a BF3 proportional counter located ver-
tically above the primary collimator at a distance
of 2'7 in. The counter was directly exposed to the
neutrons scattered by the collimator walls.

The sample was in the form of a disc of thickness
0. 233 in. or 0. 01854 atoms/b. The diffracted
beam from the first axis was reduced to a circular
cross section of = 1 cm, while the sample cross
section was =4. 5 cm . The alignment of the sam-
ple with respect to the diffracted beam was accom-
plished by measuring the transmission of the beam
for various angular settings of the sample on both
sides of the beam line. The alignment so obtained
showed that the sample was perpendicular to the
beam within 2, thereby introducing an error in
the thickness of 6 parts in 10000. The alignment
error was thus of the same order as expected for
the direct thickness measurements. The combined
thickness-alignment error amounts to 0. 1% of the
value of the sample thickness.

The purity of the Tb sample according to the
manufacturer was 99. 9'%%up. An activation analysis
on the sample showed that maximum impurity was
due to Zr (= 500 ppm). The next lower concentra-
tion of impurity consisted of Mn and Fe (each = 200
ppm). The only traceable rare-earth impurity
consisted of Dy (= 100 ppm).

The energy of the monochromatic neutron beam
was determined by measuring the second-arm an-
gle in boththe parallel andthe antiparallel positions.
The absolute values of the two angles in the two
arm positions agreed to within 5' of arc. The an-
gular separation 48 in the two arm positions (pa-
rallel and antiparallel) was taken as the measure
of the neutron energy.

The parallel and the antiparallel arrangement of
the two axes, together with 26 and 48 are shown in
Fig. 2. The maximum uncertainty in energy at
E„=1.5 eV for the Be (1011)monochromator was
of the order of 0.01 eV. At E„=0. 1 eV for the same
monochromator, the error corresponding to a max-
imum uncertainty of 5' in 26) amounts to less than
0. 2'.

B. Resolution Characteristics of Two-Axis System

The details of evaluating resolution character-
istics of the double-crystal spectrometer, assum-
ing that the crystals can be considered mosaic and
that the transmission of the collimators can be ap-
proximated by Gaussians, are presented else-
where. '4 When both the crystals are set to pass the
same nominal wavelength, the full width at half-
maximum of the intensity versus energy for the
doubly diffracted monochromatic beam is given by

AE = (4Eocot80) [4P(ln2)/(4Py —p )] ~, (1)

where Eo is the nominal beam energy, 80 is the
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A N T I PARALLEL
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SE"QND AX I S

MPLE

FIG. 2. Parallel and antiparallel arrangements of the
two-axis system. 80 is the Bragg angle (for the central
ray) of the first monochromator. 8 is the corresponding
Bragg angle of the second monochromator.

Bragg angle of the first monochromator corre-
sponding to the central ray, and

1 4 a +4+4ae 4(1+a )+8aey=-4 ln2 ~+—z+ „2 + 2
Pg o2 P2 QS

1 1 1 1
p -=4(ln 2) ~ + ~ + ~ + m + m

Pg +a Ph +S

2 4 2ae+4 4(1+a@)p= n p+ 2+ 2 +
Pg ol2 Pa &S

Here n„o2, and osare the fullwidths at half-maxi-
mum of the Gaussian angular transmission functions
for collimators 1, 2, and 3 (see Fig. 1), P, and P2 are
the full width at half-maximum of the Gaussian mo-
saic plane distributions for crystals 1 and 2, a
-=(d&/d80)/(dX/d8) is the ratio of the dispersion in
wavelength for crystals 1 and 2, and &=1 for the
antiparallel arrangement and —1 for parallel ar-
rangement.

Table I shows three calculated values of ~ for
the present system at E„=0. 015, 0. 15, and 1. 5 eV
and also includes the comparison with what would
be expected with a single-axis instrument with the
same set of the first two collimators.

II. RESULTS

The sample-out count Co is taken with both the
crystal monochromators set to satisfy the Bragg
condition. The sample is then remotely moved
into the beam between the crystals and the count
C, is taken. Background counting rates B, and Bo
with the sample in and out of the beam, respectively,
are taken with the second monochromator set for
Bragg reflection while the first monochromator is
turned by 3 away from the Bragg position. The
background for sample in and out had the same val-
ue within the associated statistical uncertainties.
Generally, the magnitude of the background was
approximately 5/0 or less of the sample in, on-
Bragg count.

dQ P„(&r,/g)(1 —T)
4m 1 —(cga)(1 —P„) (2)

In Eq. (2), T„,and T are the observed and true
transmission (in the absence of any multiple scat-
tering). P„ is the probability that a neutron once
scattered will escape the sample without further

TABLE I. Comparative Resolution Widths ~ (eV) of
single-axis and double-axis (parallel) arrangement using
collimation half-angles and mosaic spreads of the exper-
imental setup.

E„(eV)

Type of Instrument

Single Axis
Double Axis

(parallel)

0.015

0.000 09
0.000 01

0.15

0.0037
0.0017

1.5
0.123
0.055

Two specific sources of error in the cross-sec-
tion measurement, namely, the sample thickness-
alignment error and sample purity, have already
been discussed. The other factors contributing to
error considered here are (i) higher-order contam-
ination, (ii) multiple and inelastic scattering, (iii)
fluctuation in the monitor count rate due to reactor
core adjustments and the changes in the room back-
ground (the statistical temporal fluctuations due to
the fixed monitor counts are also a factor in con-
tributing to the error), and (iv) statistical uncer-
tainties in the signal.

A systematic search was made to detect second-,
third-, and fourth-order contaminations in the
doubly diffracted beam. Results showed that for
the monochromator combination Be (1011)and Ge
(311)all combined-order contaminations down to
E„=14. 5 meV were less than 1%. In addition, there
was no indication of any Renninger effects where
the neutron beam could, in principle, contain a dif-
ferent energy-intensity mixture. Since contamina-
tions here are significantly below the background
level, we have neglected any errors due to such
causes.

In order to account for multiple and inelastic
scattering contributions it is important to realize
that the insertion of the sample between the two
monochromators considerably reduces both these
effects. The angular window set by the second
monochromator rocking curve in the parallel ar-
rangement is considerably narrower than the diver-
gence of the beam incident upon the sample. In the
present case the full width at half-maximum of the
beam incident upon the sample was approximately
30' of arc while the full width at half-maximum of
the second monochromator rocking curve was = 4'
of arc. The effect of multiple scattering on the ob-
served transmission can be expressed as
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interaction and represents an average probability
independent of the neutron's past history. 0., and
o are the scattering and the total cross sections,
respectively.

The effects of multiple scattering in the observed
values of the transmission for the present setup
are small. To demonstrate this point we take the
lowest-energy data point where v, /v= 0. 5 and T,„,
= 0. 122. For the sample used, the escape proba-
bility using the calculations of Brunhart and Malik'
is =0. 18. For a sample to monochromator dis-
tance of 16 in. , a beam divergence of 10 rrrad and
the monchromator height of 2 in. , we find

T,» T=O—. 13dn/4a —2x10 4.

This leads to a correction of 0. 1 b in the total
cross section which is much smaller than the error
due to statistical uncertainties.

The inelastic scattering contribution can be eas-
ily neglected because the inelastic scattering cross
sections in the forward direction for the experimen-
tal energy-angle window amount to a small fraction
of 1 mb for a bound-atom scattering cross section
of 20 b.

The contribution due to the background fluctua-
tions, reactor-core adjustments, and statistical
temporal fluctuations can be estimated by measur-
ing the distribution function of the signal-counter
counting rates for fixed monitor counts. This pro-
cedure tests not only these three factors but the
statistical reliability of the counting system as
well. We had performed such a test on our system
for a monitor count of 200000 (minimum count used
in the present experiment). The results showed
that the distribution function was normal. The
standard deviation of the experimental distribution
was 15% higher than would be expected if the moni-
tor did not introduce additional uncertainties. Of

the additional 15% increase in the standard devia-
tion, approximately '(I%() arises due to the fixed mon-
itor count of 200000. The remainder of the in-
crease in deviation is not abnormally high for ef-
fects of instrumental broadening. In calculating
the errors in the cross section all standard devia-
tions have been corrected for this effect.

We write for the transmission T in the usual way,

T= (C —B )/(Co Bo)

The cross section 0 and the statistical error 4o
then are

o= (1/n) ln (1/T)

and

n.o= [(C, +B,)+ T (Co+Bo)]
1

n(C, —B,
Table II gives, as a function of neutron energy E„,

the values of T and o, monochromator combinations

E„(eV)

0, 00354
0.00364
0.00375
0.00387
0.00400
0.00414
0.00429
0.00446
0.00456
0.00480
0.00500
0.00520

0.0145
0.0154
0.0163
0. 0173
0.0186
0.0205
0.023
0, 024
0 ~ 025

0.026
0.0275
0, 029
0.031
0.034
0.036
0, 039
0.042
0.046
0.050
0.052
0 ~ 054
0.057
0.060
0 ~ 063
0.066
0.069
0. 073
0.077
0. 084
0. 089
0. 095
0 ~ 101
0.108
0. 115

0. 124
0, 134
0.144
0.156
0.170
0.185
0.203
0.224
0.247
0.275
0.308
0.347
0.394
0.452
0.523
0.613
0.728
0.879
1.082
1.365
1.780

0.122
0.128
0.126
0, 127
0.135
0.137
0.138
0, 149
0.154
0.159
0.162
0.165

0.301
0.307
0.318
0.324
0.343
0 ~ 344
0.375
0.379
0.392

0.394
0.416
0.423
0.437
0.450
0.460
0.474
0.488
0, 502
0.518
0, 529
0.538
0.547
0.555
0.564
0, 571
0.575
0.597
0.599
0.618
0.624
0.633
0.640
0.650
0.653

0.665
0.680
0.689
0.693
0.705
0.710
0.719
0.727
0.735
0,743
0.749
0, 765
0.765
0.770
0.797
0.784
0.812
0, 812
0.821
0.804
0.758

fy(b)

113.3
110,9
111.7
111.3
108.0
107.2
106.8
102.7
100.9
99.2
98.2

97.2

64. 8
63.7
62. 0
60.8

57.7
57.6
52. 9
52. 3
50.5

50.2

47. 3
46.4
44. 7
43.1
41.9
40. 3
38.7
37.2

35.5
34.3
33.4
32.5
31.8
30.9
30.2
29.8
27.8
27. 6
26. 0
25.4
24. 7
24. 1
23.2
23.0

22. 0
20. 8
20.1
19.8
18.9
18.5
17.8
17.2
16.6
16.0
15.6
14.4
14.4
14.1
12.2
13.1
11.2
11.2
10.6
11.8
14.9

bo- (b)

+0.5

+0.4

+0.2

+0.3

+0.5

Monochromator Type

Be
filter
plus

PQ (111)
monochromator

Be(1011)
plus

Ge(311)
monochromator

Be(1011)
plus

Ge(311)
monochromator

Be (1011)
plus

Ge(311)
monochromator

and a few values of ~o to indicate the precision.
The target thickness n has been given earlier
(0. 018 54 atoms/b).

TABLE II. Measured values of T and a as a function
of E„. Included also are some typical values of Lhy.
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III. ANALYSIS

Since terbium is expected to have significant
contributions to the total cross section at low val-
ues of E„from resonances and paramagnetic scat-
tering, we write

a„,„(E„)=4. 03/E„'i~+ 0. 5 b (3)

The neutron energy E„is in electron volts.
The assumption of 1/v behavior for a„„for the

energies of Ref. 9 is well satisfied for the calcu-
lated contribution of all positive-energy reso-
nances. The maximum departure occurs at E„
= 0. 270 eV due to the 3. 34-eV resonance and
amounts to 0. 23 b if resonance parameters I „
= I"= 0. 09 eV and I'„= 0. 0002 eV are used.

The magnitude a„„(E)=4. 03 E„'~'~0. 5 b is much

larger than the calculated contribution due to the
positive-energy resonances. This contribution
amounts to a„„(E)=1.59 E '~' b over the energy
range covered in the Moxon-Rae detector experi-
ments. This value was obtained by using the rec-
ommended values of the resonance parameters up
to 156 eV whenever listed. In cases where no such
values were available, average values of 2'"o and
I'„were used. For resonances above 156 eV the
values of the S-wave strength function S, the re-
duced neutron width I'„, the radiative width I' and
the average level spacing D are needed. The val-
ues used for these parameters are S= 2. 0& 10
I „=0. 0002 eV, I „=0. 09 eV, and D = 5. 4 eV.

The excess cross section at low energies was
attributed to the presence of one or more negative-

TABLE III. Measured values of radiative-capture
cross sections for the Tb element from H, ef. 9.

E„(eV) 0.033 0.075 0.115 0.270
a„y(b) 23.32 +0.7 15.61 +0.5 11.32 +0.5 7.25 +0.4

~r = On, y+ OPm+ &c+ &f.

where o.„„is the radiative-capture cross section,
op is the paramagnetic-scattering cross section,
o, is the coherent-scattering cross section, 0; is
the incoherent-scattering cross section.

A. Radiative-Capture Cross Section

The radiative-capture cross section of Tb was
recently measured using a Moxon-Rae detector at
four neutron energies, namely, E„=0. 033, 0. 075,
0. 1155 and 0. 270 eV. These results are given in
Table III.

In order to interpret the experimental values we
fit an average 1/v line through the four experi-
mental values. The uncertainty associated with
the 1/v line in such a procedure is independent of
energy. ' The fit to the experimental results cor-
responds to a value of o„,„given by

2 2 2

dn -3 2pnc2 I"'ff (4)

where e is the Debye Wailer factor. 2W'

= (u )rx where (u )r is the mean-squared dis-
placement of the atom at temperature T (in 'K).
x is the momentum transfer 4v sine/X for the elas-
tic scattering at an angle 2e of a neutron of wave-
length X. f(x) is the magnetic form factor corre-
sponding to the momentum transfer x. p. ,« is the
effective magnetic moment of the ion in the units
of the Bohr magneton. y is the gyromagnetic ratio
of neutron. e /mc is the classical electron radius.
Total paramagnetic scattering cross sections
a, (E„)for experimental data points were obtained
by numerically evaluating the integral

2 ~43 89~@

a, (E„)=(6. 26x10 )
"

' if(x) iE„„o

x[e '" 'r*']xdx . (5)

Equation (5) results from Eq. (4) if the integration
variable is changed from the solid angle to the mo-
mentum transfer. In Eq. (5) E„ is in electron
volts and 0, is in barns.

A number of magnetization measurements'~ ' of

energy resonances.
Having obtained the contribution due to negative-

energy resonances, the values of a„„can be calcu-
lated at all energies corresponding to the experi-
mental data points. The only difference in these
calculations was that the contribution of the 3. 34-
eV level was separately calculated because it
causes a departure from the 1/v law as the neutron
energy increases. Figure 3 exhibits the radiative-
capture cross section together with the experi-
mental values of the total cross section.

The procedure adopted here for the extrapola-
tion of radiative-capture cross section into the
energy regions not covered by the Moxon-Rae de-
tector experiment leads to the following conclu-
sions:

(i) Above E„=0. 270 eV the contribution of the
4. 99- and 11.14-eV resonances is nearly 1/v de-
pendent even at E„=1.78 eV.

(ii) The uncertainties introduced by the extrapo-
lation procedure are due mainly to the proximity
of the 3. 34-eV level. Here also only that part of
a„„which is in excess of the 1/v dependent part,
introduces extrapolation errors. The limits of
the error estimated at higher-energy data points
are illustrated by their values of, +0. 35 b at E„
= 1.78 eV; + 0. 16 b at E„=1.08 eV and + 0. 08 b at
E„=0. 613 eV.

B. Paramagnetic Scattering

The paramagnetic scattering cross section can
be expressed in the usual form
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modified such that the factor 0. 86 linearly ap-
proaches l. 0 at sin(8)/X = 0. 05 A . Along with
this modification linear interpolation was used to
obtain the necessary E(x) in the same manner as
in (a).

The results of the computations of Eq. (5) are
shown in Figure 4, together with the difference of
the measured total cross section and the radiative-
capture cross section extrapolated according to the
procedure given in Sec. IIIA.

Tb CROSS SECT I ON

FIG. 3. Experimental values of the total cross sec-
tion. Closed circles are data obtained using the two-
axis monochromator. Crosses are data obtained using
Be filter and Pb(111) monochromator. Open circles are
Munich group velocity selector data (BNL Report No.
325, second edition, supplement No. 2, August, 1966).
Solid curve represents the capture cross section cal-
culated with the use of resonance parameters (BNL
Report No. 325) and measured 0„„for 0.03 &E„&0.27
eV Ref. 9.

terbium in the paramagnetic region have been made.
The average of the results from these measure-
ments yields a value of p, ,«= 9. 7p,~. Values of
individual measurements lie within one percent of
9. '7p.~. The average value of 9. '7@~ compares very
favorably with the theoretical prediction of 9. 7p.~
calculated assuming a 'F6 state for the tripositive
Tb ion. %e have used the theoretical value in our
calculations.

The value of (uz) =0.01068 Az at room tempera-
ture of 300 K was calculated in the Debye approxi-
mation using a Debye temperature of 160 'K.

Accurate form-factor measurements for Tb using
polarized and unpolarized neutrons have been made
by Steinsvoll et al. ' and Brun and Lander. ' The
results of Brun and Lander for sin(8)/X —0.15 us-
ing the calculations of Lander and Brun were ex-
pressed as

IV. CRYSTAL BINDING EFFECTS AND NUCLEAR
SCATTERING

A. Coherent Elastic Scattering

The coherent elastic scattering cross section
for a polycrystal at neutron energy E„is given by

0 041 z p 1 oz
C yg C

n ~=~min

where v' is the magnitude of a reciprocal lattice
vector, F, is the structure factor for neutron scat-
tering, V is the volume of the unit cell, b, is the
coherent scattering amplitude, 'g, is the multiplic-
ity of reciprocal lattice vectors having magnitude
7', and Q= 4s (u )r and has a value of 0.422 Az.
The structure factor F, for terbium is given by

E,= 1+ cos-,'v(2n, + 4nz+ 3n, ) .

The lattice constants are a = 3. 599 A, c = 5. 696 A.
(n„nz, nz) are the Miller indices of an arbitrary
vector, v', in the reciprocal lattice which is simple
hexagonal. Since the point symmetry group of the
simple hexagonal lattice contains 24 elements, the
multiplicity g, is at most 24. Multiplicities of 12,
6, and 2 also occur for v vectors oriented in spe-
cial symmetry directions. F, is the same for all
7 vectors of a given magnitude. The value of )b, I

used by us in evaluating o,"is that measured by
Atoji, 'z viz. , 7.6 fm. Figure 5(a) shows our calcu-
lated value for this cross section.

E(x) = 0. 86 ((Jz) + 0. 37037 ( Jz) ) (6)

where (Jz) and (Jz) are functions directly related
to the radial wave functions of the 4felectrons and
have been tabulated by Blume et al. '

The values of E(x) needed to evaluate o, (E„)
from Eq. (5) were obtained as follows:

(a) For 0. 15 & sin(8)/X+ l. 3 A ', E(x) values
were obtained from the tablulated values of Blume
et al. , applying linear interpolation wherever nec-
essary.

(b) For sin(8)/X & l. 3 A ', E(x) was approximated
0~ 01939~2by the Gaussian E(x) =e

This form of E(x) was obtained by using the val-
ues of E(x) for x values in the neighborhood of x
=1.3A '

(c) For values of sin(8)/X. &0. 15, Eq. (6) was

60 y-
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0.00 I
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0.01
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O. I 0
I

IOO I 30
En (eV)

Tb SCATTER ING CROSS SECTION

FIG. 4. Open circles are experimental. values of the
Tb total scattering cross section. Crosses are para-
magnetic scattering cross section o~m calculated using
Brun and Lander measured form factors Ref. 10.
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B. Coherent Inelastic Scattering Cross Section gP"

FIG. 5. (a) Tb coherent elastic scattering cross sec-
tion calculated using b~=7. 6 fm. The Debye-%aller fac-
tor has been assumed independent of the direction in the
reciprocal lattice space. Debye temperature OD was
taken as 160'K. (b) Incoherent elastic and inelastic
scattering cross sections in the unit of 0;=47(b; calcu-
lated using Placzek's mass expansion and OD ——160'K
and M=159, The inelastic contribution at En=1, 4, and
16 times OD is indicated.

section a~. In the presence of resonances and other
other partial cross sections one can write

,t&t= (&)-(o..,(&t ~ ..t&) &ttr't&)+~,'..(W]

(8)
where rrr(E) and o„'„(E)are the interference and the
resonance scattering cross sections due to the lth
resonance at neutron energy E.

Equation (8) suggests that the more accurate de-
termination of a~ can be had by utilizing the o(E)
data for the energy region where o„„(E), o, (E),
g, re'(E), and g, o,'„(E) are small. The data points
corresponding to E„O.12 eV fit this criterion
well. An additional reason to exclude data points
below E„=O.12 eV is due to the apparent uncer-
tainty in the evaluation of the inelastic scattering
cross section. This uncertainty is evident in the
plot of rr(E) —[a„,„(E)+o, (E)I =ot„as well as o~
—o, shown in Fig. 6. The method of evaluating
o„„(E)and rJ, (E) have been discussed earlier.
v,'(E) and o,'„(E)were evaluated using the reso-
nance parameters listed in BNL Report No. 325.
These contributions are significant only for the
resonances at 3.34 and 11.14 eV. The contribu-
tions arising from resonances higher than 11.14 eV
and at negative energies were ignored. These two
contributions tend to offset each other due to the
change in the sign of the interference term.

The values of o~(E) evaluated in accordance with
Eq. (8) for all data points above E„40.12 eV has
a small dispersion around an average value of
'7. 5 b, except for a small structure around E„

Inelastic scattering here is referred to as the con-
tribution to the cross section involving single and
multiphonon processes. Direct evaluation of even
the single phonon contribution to the coherent in-
elastic scattering presents a formidable computa-
tional problem. We have assumed that Placzek's
incoherent approximation is applicable and that the
interference effects are negligible.

The incoherent inelastic scattering cross section
in terms of Placzek's expansion in the inverse
power of mass M (in the units of neutron mass) is'

b
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The expressions for 0' and o " are given by
Placzek. We have numerically evaluated o&' and
0 " . 0,""is then evaluated using the relation

&el +el(orner/ottl)

or" and or'"' are plotted in Fig. 5(b).

C. Potential Scattering

The analysis of the data can be extended to in-
cude evaluation of the potential scattering cross

+

t I I I I I I I I I I I I t I I I I t I I I

G.OOI 0.01 0.10
E„!eV)

I 0 YOUNG -ATOM SCATTERING CROSS SECTION

1.00

FIG. 6. Closed circles correspond to our values of
the Tb bound-atom scattering cross section that remain
after subtraction of the paramagnetic scattering cross sec-
tion from the total scattering cross section. A few typ-
ical plane positions are indicated. The region ) -28
has 28 diffracting planes. Open circles are some of the
calculated values of ac (elastic plus inelastic in the in-
coherent approximation). Crosses show some typical
values of (crs —0~). AC is the extra cross section.
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= 0. 6 eV. An Erbium impurity could introduce such
a structure. However, the extent of the Erbium
contamination required to explain the structure is
much greater than the activation analysis suggests.
Another possibility is that it may be a P-wave res-
onance.

A weighted average of the values of 0~ using Eq.
(8) yields a value of o~= 7. 5s 0. 5 b. The magni-
tude of the error is considered generous since it
significantly exceeds the average dispersion of the

o~ values at different energies. Assuming that the
nuclear radius R for the two spin states of the Tb
nucleus is the same, one obtains 8 = (l. 43+0. 05)
A' fm. This value of nuclear radius for neutron
interaction is slightly higher than the normally ac-
cepted value of 1.35 A' fm. The slight increase
in R is, however, not unexpected since terbium
lies in the mass-number region where an additional
maximum in the S-wave strength function exists as
a result of the spin-orbit interaction. ~4

D. Inchoherent Scattering Cross Section

If we disregard the anomalous behavior of o& —o,
in the energy region 0.015 &E„&0.10 eV, the rest
of the data is consistent with zero or at most a val-
ue of about 1 b for the incoherent scattering cross
section.

CONCLUSION

In this investigation the objective, as indicated
in the Introduction, was to extend total cross-sec-
tion measurements covering a wide range of neu-
tron energies using a two-axis monochromator and

then analyze the total cross section in terms of
partial cross sections. This objective has been
successfully accomplished. The results of the ex-
periment and the analysis have been summarized
in Fig. 7 where values of partial cross sections
at E„=0. 001 eV are shown.

The energy range 0. 01+E„&0.10 eV is known

to be complicated, particularly for elements or
isotopes having an appreciable coherent scattering
cross section. It would seem desirable to study
the coherent inelastic contributions and, if possible
to correlate such contributions to the phonon dis-
persion relations which in most cases are experi-
mentally ac cess ible.

The rare-earth nuclei in solid solution make up
rather complex magnetic scatterers. These nu-

clei, in general, have an appreciable portion of

I 50

l25
l27

Ipp — RELATIVE VALUES OF PART I Al

CROSS SECTIONS IN Tb

~~ I.O 7.2
I

OI ~c
INCOHERENT COHERENT
SCATTERING SCATTER ING

7.5

CTp crpm ~ny
POTENT I AL PARAMAGING RAD I AT I VE
SCATTERING SCATTERING ABSORPTION

FIG. 7. Relative values of various Tb cross sections
are shown with their numerical values. Values of opm
and 0„~have been rounded to the nearest whole number
of barns and taken at E„=0.001 e V, the lowest energy
considered in the analysis.

the atomic magnetic moment due to the orbital
magnetic moments. Crystalline-field effects are
also present " but there is no clear cut evidence
whether such effects contribute to an energy-depen-
dent increase in the scattering cross section or, at
E„&0. 05 eV, begin to induce enough transitions
among levels of different m&'s that partial or com-
plete quenching of the orbital currents occurs.
Scattering measurements at E„=0. 1 eV would be
beneficial in attempting to answer such a question.

The value of the potential scattering cross sec-
tion o~ of 7. 5 b is substantially lower than the val-
ue 8. 5 b listed in BNL Report No. 325. From the
recent data on o~ values~ in the neighborhood of
mass number A=160, the value of 0~=7. 5+0. 5 b is
quite reasonable.

A value of the incoherent scattering cross sec-
tion v;& 1 b suggests that for the Tb nucleus the
two scattering lengths are essentially the same.
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