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SATURATION AND RECOVERY IN NEUTRON-IRRADIATED MOLYBDENUM*
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(Received 13 October 1968)

A high-temperature (-70-1200'C) resistivity recovery study of fast-neutron-irradiat-
ed (E~ -1 MeV) molybdenum showers an anomalous saturation effect above about (5-10)
xlOIB n/cm2. This effect is interpreted as resulting from the self-annealing of the stage-
III defects at the higher fluences (-102I n/cm2) leaving essentially only the stage-IV de-
fects after reactor ambient irradiation.

A number of studies have been reported in the
past several years on the recovery of damage in-
duced in molybdenum by neutron irradiation. ' '
However, these studies, which have involved a
number of techniques, have, in general, either
only covered a limited neutron-fluence range or
a limited recovery-temperature range. There-
fore, a study was initiated to investigate the
high-temperature recovery of molybdenum after
high-fluence neutron irradiations. The impor-
tant information desired was a clear picture of
the high-temperature recovery phenomena and
well-defined temperatures for the observed re-
covery stages. The method chosen for the ob-
servation of the induced damage and recovery
was the isochronal resistivity technique. Pre-
liminary results are presented in this paper; a
more complete description will appear else-
where. "

Six specimens were irradiated at reactor am-
bient temperature (-70'C) to fast-neutron (En
~ 1 MeV) fluences ranging from l. lx 10" to 1.5
x10"n/cm'. For every fluence a duplicate spec-
imen was run. Since no significant differences
were found, these are not presented here. The
dependence of the irradiation-induced resistivity

increment &p on the fast-neutron fluence (for the
present studies as well as those of Peacock and
Johnson') is presented in Fig. 1. The resistivity
increment ~p is defined by pl-p0, where pl is
the as-irradiated resistivity, and p, is the pre-
irradiation resistivity. The resistivity increment
is seen to reach a maximum at between 5x10"
and 1x10'0 n/em', and then it decreases by
about a factor of two at 1.5x10"n/cm'. This re-
sult is somewhat unexpected in view of the as-
ymptotic approach to saturation considered in
most investigations. " ' The slope of the linear
portion of the curve (a slope of about 0.58) is in
good agreement with that reported by Peacock
and Johnson' (0.54). However, they observed
what appeared to be somewhat similar peaking
of the resistivity at about (3-4)x 10's n/cm'; the
results of our studies as well as those of Kissin-
ger, Brimhall, and Maste12 yield pronounced sat-
uration effects at much higher fluences than Pea-
cock and Johnson. Kissinger, Brimhall, and

Mastel observed a saturation behavior similar to
ours slightly below our fluences; however, these
differences can be related to the different tech-
niques of observation (x-ray parameter and

length changes) utilized by the previous investi-
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FIG. 1. Total radiation-induced resistivity increment for molybdenum as a function of fast-neutron fluence (dot-

ted circles, data taken in this study; dotted triangles, Hef. 1),
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The recovery of the irradiation-induced defects
in molybdenum is presented in Fig. 2 in which
the radiation-induced resistivity increment &p is
plotted versus the annealing temperature. The
recovery of the irradiation-induced defects after
reactor ambient (-70'C) irradiations resembles
that for tungsten. " Two principal recovery re-
gions are evident in all but the highest fluence
specimen. Two principal recovery regions, cen-
tered at about jL60 and 620 C, respectively, oc-
cur at almost exactly 0.15T~ (stage III) and
0.31T~ (stage IV) and agree quite well with the
recovery observed by Ibragimov, Lyashenko,
and Zavyalovl after a 2& 1020-n/cm2 irradiation
with fast neutrons. (T~ is the absolute melting
temperature. ) The lower temperature recovery
region (0.15T~) is believed to represent the mi-
gration and recovery of self-interstitials. ' &"

The term interstitial will be considered to mean
self -interstitial unless specified otherwise.

Recent field-ion microscope studies by Jean-
notte and Galligan'6 have shown that single vacan-
cies migrate at about 0.31'~. It is therefore
felt that vacancies also migrate in the stage-IV
recovery region in molybdenum. Recent theoret-
ical calculations have indicated that divacancies
and some trivacancies in bcc metals (iron) also
may have a migrational energy similar to mono-
vacancies"; however, they would be expected to
have quite different frequency factors for migra-

tion. Other smaller recovery regions appear be-
tween stages III and IV in some of these speci-
mens, similar to tungsten"; however, the repro-
ducibility of these smaller peaks is somewhat un-
certain in our studies and the studies of others. -»4
Their possible importance should not be over-
looked since the defects responsible for these
peaks apparently do contribute to the thermal
hardening in this recovery region. "

The high-fluence specimen shows only a stage-
IV recovery, indicating no stage-III recovery.
The lack of a stage-III recovery can be interpret-
ed as indicating a complete irradiation annealing
of the interstitials (due to annihilation at vacan-
cies and other interstitial traps as well as the
formation of a large number of interstitial clus-
ters). These results are in relatively good
agreement with those of Kissinger, Brimhall,
and Mastel' who have investigated by lattice-pa-
rameter and length-change studies the fast-neu-
tron irradiation-induced damage fluence depen-
dence on molybdenum over a range from 10' to
10'0 n/cm'. The results of the length-change
study indicate that vacancies saturate at about
10 0 n/cm . The formation of an increased num-
ber of interstitial clusters (i.e., increase in the
ratio of the number of interstitials in clusters to
the number of free interstitials) up to a fast flu-
ence of -102' n/cm2 can satisfactorily explain the
relative decrease in the stage-III recovery with
increasing fluence. This increase in the relative
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FIG. 2. Isochronal resistivity recovery of neutron-irradiated, recrystallized molybdenum as a function of an-
nealing temperature.

58



VOLUME 22, NUMBER 2 P 8YSI CAL RE VIE%' LETTERS 13 JANUARY 1969

number of large clusters with increasing neutron
fluence is essentially the explanation given by
Kissinger, Brimhall, and Mastel. ' There are
practically no free interstitials remaining at high
levels of neutron fluence.

While it is conceivable that a higher irradiation
temperature (200-300'C) could lead to the ob-
served lack of a stage-III recovery for the high-
est fluence specimen, two principal factors elimi-
nate this possibility. For a number of tungsten
specimens, irradiated with the molybdenum spec-
imens described here, no temperature effects
were evident in the recovery curves. " That is to
say, no flattening of the recovery above 70'C was
observed. A more detailed analysis of the molyb-
denum recovery spectra" also indicates that
stage III makes a definite contribution to the re-
covery with increasing fluence. A plot of the ra-
tio of the recovery of stage III to the recovery of
stage IV indicates a projected -zero (or negligi-
ble) stage-III contribution in the range of 10"n/
cm' (&z~ 1 MeV). It is therefore felt that an ir-
radiation temperature higher than 80'C for the
highest fluence specimen can be ruled out.

The large differences in the recovery behavior
observed between tungsten and molybdenum un-
doubtedly arises from the differences in the ho-
mologous temperature of irradiation. " For
tungsten, the irradiation temperature of -70'C
corresponds to about 0.09&~. For molybdenum,
however, the irradiation temperature of 70'C is
about 0.12&m. This represents an irradiation
within the stage-III recovery region in molybden-
um and thus considerable recovery can occur
during the irradiation. The recovery actually ap-
pears to begin at around 0 C. ~' The 0.097~ ir-
radiation temperature for tungsten is well below
the recovery region for stage III; thus from the
recovery point of view, a larger number of point
defects would be expected. Apparently irradia-
tion within a recovery stage generates a larger
ratio of cluster defects to point defects for the
defects recovering in that recovery stage. This
explanation is supported by both the much lower
radiation-induced resistivity increment values
observed for molybdenum than for tungsten at
the same irradiation fluence, and the smaller
slope observed for the dependence of these re-
sistivity increment values on the neutron flu-
ences in molybdenum. " These results are also
in qualitative agreement with recent theoretical
calculations of Heeler concerning the influ-
ence of high fluence, high irradiation tempera-
ture, and displacement spike overlap on the dam-

age state (in iron) after neutron irradiation. In
particular, '~ these calculations show that at high
irradiation temperatures (i.e., temperatures at
which interstitials are mobile) the clustering of
interstitials occurs quite rapidly due to rapid an-
nealing in the displacement spike and that this
leads to the existence of interstitial clusters
even though clusters of more than two intersti-
tials are rarely directly produced by a collision
cascade .

In Fig. 2 it can be seen that a residual resistiv-
ity remains after the high temperature (1500'C)
anneal of the specimen irradiated to the highest
fluence. This residual resistivity is thought to
result from the presence of technetium ' pro-
duced via thermal neutron (n, y) reactions.

The authors are grateful to %. S. Chenault and
E. S. Collins for carrying out the irradiations, to
F. D. Kingsbury for contributing to the experi-
mental program, and R. T. Currin for assisting
with the resistivity studies.
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The coherent excitation of polaritons has been achieved in the III-V semiconductor GaP
for the first time by a nonlinear, optical parametric process. We are able to describe
the polariton dispersion curve in the ~-k space and to measure the absorption coefficient
of the crystal near the Reststrahl band. The results are discussed on the basis of re-
cent theories on the polariton disperson and damping in GaP.

A high-intensity, coherent polariton field has
been excited in the polar III-V semiconductor gal-
lium phosphide by mixing two coherent optical
waves whose wavelengths lie in the transmission
gap of the crystal. This method for the creation
in a medium of coherent, Raman-active optical
phonons or other elementary excitation is some-
times called "coherent excitation'. "

Four pairs of interacting frequencies have been
chosen in order to excite resonantly the polariza-
tion field near the lattice resonance (Reststrahl)
at 366 cm-' covering, in the lower branch of the
optical dispersion curve, a range of infrared

wavelengths in which the excitation exhibits a
mixed (electromagnetic and phonon) character. '&'

In our experiment (Fig. 1) two Raman cavities
pumped by a Q-switched ruby laser were used to
generate two (Stokes) beams of coherent light at
different frequencies (&u, and ~,). The two beams
were focused by a common high-quality achroma-
tic lens (20-cmf/I) in the crystal where the po-
lariton field at frequency ~& =~1-~2 is generat-
ed. Small diaphragms were used in front of the
lens in order to reduce the convergence of the
beams reaching the crystal to about 5 & 10
The angle 6 made by the two beams k~ and k, in
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FIG. 1. Schematic diagram of the experimental apparatus.


