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The neutron total cress sections of several single crystals (Si, Cu, sapphire), several poly-
crystalline sacples (Cu, re, Be, C, Bi, Ta), a m a fir.e powder copper saryle have been
measured from 0.002 to 5 eV. The Cu powder and polycrystaliir.e Fe, Be and C cata exhibit tne
expected abrupt daanges in cross section.. The cross section of the sin?le crystal of Si is
smooth with only saail broad fluctuations. The data on w o "single" Cu crystals, tne
sapphire crystal, cast Bi, and rolled sacples of Ta ar.d Cu have sany narrow peaxs ~ 10"3 eY
wide. High resolution (0.3J) transcission oeasureoents were aade or. tr.e "..G57-eV resonance
in 2<*°ru and the O.U33-eV resonance in l8*Ta, both at rooa and low teepsratures to study tr.e
effects of crystal binding. Although the charges in Ecppler broadening with tecperature were
apparent, no asynnetries due to a recoilless contribution were observed.

[Si, CU, Be, C, Ei, Ta, Sapphire, op, E,, = 0.002-5 eV, 1.057-eV resonance 2<*°Pu, solid state
effects, Boppler broadening]

Introduction

In the thermal energy region the measured total cross
section often depends on the physical fora of the
sanple. The total cross sections of polyerystalline
materials such as Be, C and Fe shew abrupt changes of
- Z tarns or - 30* at energies corresponding to scat-
tering at 130° from latt ice planes in the crystal as
shown in Figure 1. At higher energies, ~ 0.2 eV, so
many planes are involved that the cress section i s
quite smooth (providing there are no nuclear resonan-
ces ' . At energies £ t eV, the recoil energy i s suffi-
cient that the atoms are knocked out of the lattice and
the free atom cross section i s observed. Severe self-
shielding or extinction effects can occur in the ther-
mal energy region i f the crystal grains are not vary
fine (~ 10"" cm); the observed cross section of a poly-
crystalline material can be reduced by several barns.
Tne cross section of a single crystal at theraal
energies can be very snail at rocn temperature and can
be reduced even further by cooling the crystal. Large
single crystals are in use both at rooa and low tem-
peratures as neutron band pass f i l ters 1 to pass thersal
neutrons while excluding fast neutrons and gatraa rays.
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Fig. 1. Total cross sections of polycrystalline Fe, C
and B*>

The theraal aoticn of the atoms in the sacple also in-
fluences the cross section of a nuclear resonance. In
1937, Eethe and Plaezek^ calculates tse Soppier broad-
ening assuming a Kaxwellian velocity distribution of
gas atons. In 1939, LaEi>i calculated tfce resonance
shape for nuclei bound in a Debye crystal. In tr.e weak
binding limit where the Soppier width, 4, plus the
natural width, r, i s » 2% (*j = Decye tesperatur:),
the observed resonance shape would ae the sa=e as fsr a
gas, nut an effective teiperature Uuch is sssewhat
greater than the temperature of tne crystal 31st be
used, larch also predicted that i f an atom were acre
tightly bound in the lattice, i . e . , reiiua tindirg
where (A + V) ~ 28j>, sone fine strjeture should appear
in the resonance shape. Several experiments have been
performed to observe the structure of resonances in
both solids1*'5'6 and gases. 6 ' 7 Fcr a crystal at a tea-
perature < djj anc for a lew energy re3cr.ar.ee with a
saall r, Lasb snowed that a "recoilless" Ereit *igner
peak ccula be expected, as veil as structure cr general
broadening at higher energies. Trassell" « s pointed
out that a detailed study of the 1.057-eV resonance in
J<t0Pu night be able to give detailed inforcaticn con-
cerning the crystal vibrational spestrua. Hecectly,
Liou and Chrien^ studied this resonance using both
netal and oxide samples.

Experimental Method

The neutron total cross sections of several single
crystals (si l iccn, copper, sapphire), several pcly-
crystailins samples (rolleS Cu, arsco "., sirxerea £e,
graphite, cast BI and rolled Ta) and a fir.e pewder
copper sanple were measured frca 0.C02 to 5 eV. Tr.e
measurements were Bade at ORELA usir^ neutrons free the
water moderated Ta target with the iinac producirs: - 20
nsec pulses at 25 Kz. A i m tnicic 111 as cia. 5Li
glass scintillator was located at 17.670 a resultir.e in
a neutron energy resolution i£/E = 0.5J. A few aea-
3urecents were aade on the "single" copper crystal with
a 25 on dia. °Li glass scintillator to reduce the angu-
lar divergence of the detected neutrtxs. The samples
were placed at 9 0 and the effect of a ssali rotaticn
of the Cu "single" crystal fron tr.e direction of the
neutron beam was studied. Sacples were alternated with
an open beaa ar.d background sacpies every ~ 30 uinutes;
runs were of 1-2 days duration.

Transmission oeasureaents were also Bade on 21l0Pu sam-
ple using a 17.853-m flight path at 400 Hz. * Cd
fi l ter was used to elisinate overlap neutrons and 2 ca
of Pb to reduce the intensity of gaaa rays frcs tne
target. Heasureaenta were rade at room teeperature ana
at 95 K wfiicft i s oich lower than the Cebye tecperature
( - 175 K). In the 1 eV energy region - icCCG counts
p«r channel were collected for a channel wiatft of 0.5 x
10~3 eV. VM saople was an Al-Pu alloy containing only
0.726* 2»°Pu with a thickness of ^"Pu of 2.12 x 10"*
a/b. The uniforaity of the sample vas ~ Z% over tr.e
area vaed. The Ta aetal sacple ccr^isted of i5 1.5 at
thick rolled sheets and was aeasured at 11 £ ana rcca
twapenturc using a repetition rate of 25 Hz. Tbc
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# 5 simple was a fine powder and was aeasured at
roco teaperature ana 175 K. Sacn sample was measured
for several cays at each teeperature.

Data Analysis

The tice-of-flight spectra were corrected for the iead-
tlae of the tlae digitizer, 1.1 usee, scA a constant
roco background which uas £.1}. Transmissions were
ooaputed using the oonitor counts free a fission chaa-
b«r; the total cress sections were cceputed fron the
average thicknesses of the saaples.

Tin resonance parameters for the 1.057-eV resonance in
•'"•"Pu were obtained by R. F. Carlton using the code
SAfMf10 and by R. B. Spencer using the code SIOB.u

Results and Discussion

the total cross sections of polycrystalline Fa, C ar.d
B« samples are shown in Figure 1. The scattering cross
section for this ATECO Fe sacple i s ~ 9 barns in the
theraal energy region and drops to ~ 1 barn at. 0.0050
cV, which corresponds to twice the lattice spacing cf
the 1,1,0 planes for Fe; Fe is body centered cubic with
a s 2.86645 A. At lewer energies the scattering arises
fron isotope incoherent scattering (0.4 b) and thermal
inelastic scattering; the latter can be reduced by
cooling the sanple. The other breaks arise fron planes
with higher Miller indices. Recently, Johnson and
Bowman12 h*ve observed a large nmber of these breaks
at higher energies in samples of rolled Fe.

The scattering cross sections of sintered oe and C
(graphite) are - 5 b except at low energies. (The
absorption cross sections of Ee and C are only 10 and 3
fflbs.) The breaks in 3e at 5.3 and 6.9 asV are well
known, Cut the intermediate one at 6.5 aeV has not been
reported previously, probably because of insufficient
energy resolution. The size of the step depends on Che
nunber of atocss in the reflecting plane and the Eebye-
Waller factor. Above each creak the coherent scat-
tering cross section has a 1/E energy dependence. At
low energies the thensal inelastic scattering can be
reduced to <0.1 b by cooling the sample. Thick f i l ters
of polycrystalline materials have been used at reactors
to produce beans of "cold" neutrons.

The total cross sections fcr the copper powder sample
and two different neasr.recents on a "single" cepper
crystal are shewn in Figure 2. Tne scattering is ~ 9
bams for the copper powder bat only ~ 2 barns for tir.
"single" crystal. This reduction is consistent with
the coherent cross section of 7.5 b. The remainder
arises froc isotope and spin incoherent scattering
( - 0 . 5 b), and theraal inelastic scattering. In addi-
tion, there are cany narrow peaks associated with lat-
t ice planes in the single crystal. The widths of the
peaks i s a measure of the aosiao spread of the crystal,
the angular resolution, and the neutron energy resolu-
tion. The two lower curves are for the sace Cu crystal
but oriented differently with respect to the direction
of the neutron beac. Additional neasurenents have been
cade rotating the crystal Sy - 0 . 2 ° , and the peaks
shifted appreciably in energy ( - 1 aeV) with this small
change in angle.

The data for cast Ei are shewn in Figure 3. The scat-
. taring5' i s - UOJ of that expected from the free atoa
scattering of 9.3 barns. The extinction effects are
due to the large size cf the crystallites in this cast
ample. The two low energy peaks at 3.33 and 4.22 neV
are only - 0.04 neV uide. Since the absorption and the
spin incoherent CTJSS sections of Bi are very s a i l , 9
and ~50 oba respectively, a f i l ter of a cold large
single crystal of 3i in a reactor neutron bean would be
a valuable technique fcr eliciinating gazsa raya and
greatly reducing* resonance and hign energy neutrons
frca thtt neutron beam.
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Fig. 2. Total cross sections of Cu powder and two
measurements on a "single" Cu crystal.
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Fig. 3. Total cross section of Cast Bi.
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Figure 4 shows the data for single crystals cf Si and
sapphire. The scattering of Si at thermal energies is
only ~ 10t of i t s value above a few eV energy and
arises fron incoherent scattering (9 cb) and thersal
inelastic scattering., This "perfect" single crystal
has a very snail oosiac spread; hence, the intensities
of any narrow peaks are too s ta l l to be observed. The
sapphire "single" crystal shows cue!) structure due to
the ncsiac spread. The gradual increase of the cross
section in Figure 5 la due to the Debye-Waller factor
and the snail broad fluctuations with - 50 aeV spacing
nay be due to crystal vibrations.

The transmission of the rolled Ta sacple (consisting of
15 1.5 m thick plates) is shewn in Figure 6. The
sharp break at 11.3 neV corresponds to scattering free



1,1,0 planes expected for a sazsle with snail crystal*
l i t e s . The sharp peaks are prorably due to scnerent
scattering free lattice planes similar to tnat coserved
with the Cu single crystal. The-broad structures ajst
b* coebinations of snarp breaks, overlapping clusters
of narrow peaks and possibly pnenons.
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The transsission data fcr the 1,057-*/ resonance in
ii*aPu are shown in Figure 7 with f i t s frora the code
SAlsn using the free sas approximation fcr the Soppier
brcaiani.ig. The effective temperatures used fcr the
two neasureaents were 122 K and 3i3 K Sased en a 3etye
teeperature of 575 li. jhe goooness of f i t vas 0.S1 far
the cold run and 0.93 fcr the rooo tecperature run.
Both runs gave exactly Che saee resonance ".-.ergy cf
1.0565 * 0.C0O2 eV. Values cf 50.6 = 0.4 =»; for rT
ana 2.35 * 0.02 aeV fcr rn were obtained fron the cold
run and 30.8 - 0.6 aeV ar.ii 2.37 - 0.02 aeV frcn We
room tecperature run. The uncertainties do not include
systeaatic uncertainties. A 9' K uncertainty of the
effective tecperature of the cold saople wouia produce
a 0.6 aeV uncertainty on rY. The average value of "y
of 30.7 - 0.6 aeV is sooewhat lower than the acst
recent cetenriration.9 Ir.cluair^ an estisated uncer-
tainty cf 2J for the sample thickness, the average
value fcr rn of 2.36 = 0.C5 neV agrees witn that co-
tained by Liou.9

Traflnell13 has esticated that at 95 K approximately 10%
of the absorption by tnia resonance snculd be in ifte
undisplaced (Kcssoauer) peak and should have the
nuclear width r. ^.e regaining 20J should be at higher
energies and should be uoppier broadened. The recoil
energy after neutron absorption by this resonance i s 4
ceV. At rooo temperature only 17' would be in the

Fig. 4. Total cross sections of Si single crystal
and sapphire.
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Fig. 5. Total cross section of the Si single
crystal.
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Fig. 6. Total cross section of rolled Ta.

1.0 1.1
NEUTRON ENERGY |*V)

Fig. 7. Transmission of the -t'-9Pu staple at 95 K
(top), transsission at 293 K (bottom) «id ratio
(Middle). Tt.e s tat ist ical uncertainties ia the rs
of the rescntr.ee are 0.2J fcr the transaissisns
0.3J for the ratio.



r«colH«u ibasbauer peak. The excellent agreement fcr
both teoperatures using the gas apcrcxicaticn and tht
fact that ooth save tr.t sane resonance energy is net
is not consistent with the precietea charge in the
intensity of the recoiliess peak for tr.ese 2 tecpera-
turts. The aiddle curve in Figure 7 ir-ews ti-.e ratio cf
th« otasured transnissiens at the two temperatures COSH
pared to the ratio cf ealculaticns using tr.e gas
approximation. Any appreciable change in the intensity
in the recoilless peak frco the cold to rocc tec-
perature snould produce a noticeable asysaetry. Simi-
lar data on th« 0.433-eV resonance in liaZa also did
not show any asycattry.

Concluaiona

In th« t h t m l energy region the physical fora of a
saopl* can have a large effect en the aeasured total
cross section. Sooe crystalline saterials and "single"
crystals can have large self shielding and exhibit
narrow peaks arising frco the resale spread of the
crystal. Ho convincing evidence was found for a
r«coilles3 peak for the 1.C57-eV resonance in 2->0Pu cr
the 0.433-eV resonance in 1<(0Ta.
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