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is difficult. The part of the beaker down which
the film flows is so designed that the superfluid
velocity is only a fifth of the critical velocity at
the point where the film enters the bulk liquid of
the second-sound cavity. It is unlikely, there-
fore, that much vorticity is generated in a region
other than that of the limiting perimeter, i.e.,
the top of the beaker. The initial rise of the
value a’(f) represents the complex process of the
generation and decay of vortices in the film itself
together with the gradual increase and decay of
vortices reaching the bulk He Il in the second-
sound cavity. When z is reduced to zero, a’(f)
drops almost exponentially to some lower value
with a relaxation time of about 20 sec. This
must represent the time for the decay of a given
amount of vorticity in the cavity.

We hope in future experiments to investigate in
greater detail the growth and decay of vortices in
the film by altering such parameters as the film
length and the smoothness of the substrate. We
would also like to look more carefully at the ap-

parently widely different amount of vorticity gen-
erated in runs on different days with a given val-
ue of z.

We should like to express our appreciation to
Dr. J. B. Brown for very many helpful discus-
sions and to Dr. S. J. Rogers for a careful read-
ing of this paper.

*Now at the Department of Physics, University of
Malaya, Kuala Lumpur, Malaysia.

13, F. Allen, in Liquid Helium, edited by G. Careri
(Academic Press, Inc., New York, 1963), pp. 305-314.

%See, for example, P. W. Anderson, in Quantum
Fluids, edited by D. F. Brewer (North-Holland Pub-
lishing Company, Amsterdam, The Netherlands,
1966), pp. 136-171.

3See R. J. Donnelly, Phys. Rev. Letters 14, 939
(1965).

‘W. E. Keller and E. F. Hammel, Phys. Rev. Let-
ters 17, 998 (1966).

5cf. H. E. Hall and W. F. Vinen, Proc. Roy. Soc.
(London), Ser. A 238, 204 (1956).

ANTIRESONANCE PHENOMENA IN THE ABSORPTION SPECTRA
OF RARE-EARTH IONS IN X-IRRADIATED CaF,

M. J. Taylor
Royal Radar Establishment, Malvern, Worcestershire, United Kingdom
(Received 8 July 1969)

Some absorption lines of rare-earth ions in calcium fluoride were found to be consider-
ably affected by irradiation with x rays. These narrow lines, which appeared superim-
posed on a broad background of color-center absorption, were in some cases over 100
times stronger after irradiation and had strongly asymmetric line shapes, often result-
ing in an antiresonance dip. It is proposed that these effects are caused by interaction of
the rare-earth ion and a neighboring color center.

It is well known that asymmetric lines can oc-
cur in absorption spectra as the result of inter-
ference between coupled states. For instance,
when the absorption into a discrete state is su-
perimposed upon a much broader background of
absorption into other states with which the dis-
crete state interacts, then the absorption spec-
trum may show an asymmetric peak or a dip (net
decrease of absorption) which has been called an
antiresonance. Several examples of this phenom-
enon have been found in both gaseous and solid
systems. In solid-state optics such effects were
first reported from systems in which exciton or
excitonlike peaks are superimposed on background
absorption due to either indirect exciton-phonon
transitions or to the continuum of band-to-band
transitions in certain insulators.!'> More recent-

ly Pysh, Rice, and Jortner® have observed sharp
asymmetric lines in the absorption spectra of or-
ganic molecules introduced as impurities into
rare-gas solids. In the case the effect results
from interference between the excited state of
the molecule and the continuum energy band of
the host crystal.

The purpose of the present paper is to report
the observation of a similar effect in the absorp-
tion spectra of crystals of calcium fluoride con-
taining certain rare-earth ions after the crystals
had been irradiated by x rays. The rare earths
were incorporated as their oxides, yielding crys-
tals which tended to color deeply when subjected
to ionizing radiations.? The asymmetric absorp-
tion lines in question, which coincided with the
positions of normally very weak absorption lines
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of the rare-earth ion, appeared superimposed
upon a background of color-center absorption,
and they grew in strength as the color-center
bands grew. Such lines were observed from
crystals doped with dysprosium and with praeso-
dymium, but not with other rare-earth ions. It
is, however, conceivable that a more detailed
search might well show additional smaller effects
with some of the other rare-earth ions, and in
particular, the spectral regions outside 350 to
750 nm remain to be investigated.

The actual shape of the lines depended to some
extent on the way the crystals were grown® and
on the impurity concentration; in some cases
there was a mild asymmetry and in others an al-
most complete antiresonance. A typical spectrum
of the dysprosium-doped material, taken with a
Perkin- Elmer Model No. 137 spectrophotometer,
modified for work at low temperatures, is shown
in Fig. 1. Two lines with dispersionlike profiles
are seen in the region of 450 nm. On the same
scale the weak dysprosium absorption lines of
the unirradiated crystal in this region are virtu-
ally invisible. However, the spectrum obtained
with a path length of 30 nm through an unirradiat-
ed piece of this material (see the inset in Fig. 1)
shows that there are in fact dysprosium lines at
these positions. The difference in strength of
the 452-nm line after irradiation is about 330
times. The amplitude of the dispersionlike pro-
files decreased by a factor of 10 as the sample
was warmed to room temperature, The praeso-
dymium lines which undergo a similar transfor-
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FIG. 1. Absorption spectrum at 105°K of a 2-mm-
thick sample of CaF, containing 0.05 at.% dysprosium
(with 0.01 at.% yttrium) after irradiation for about 3
min with x rays from a gold target with a 30-kV, 30-
mA beam. Inset: spectrum of an unirradiated sample
taken with a 30-mm path but normalized to a 2-mm
path.
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mation by irradiation lie at 607 and 629 nm. The
strength of the corresponding absorption lines in
the unirradiated material varied directly in both
cases with the concentration of the dopant and
there were no other impurities to which they
could be attributed, although there was an appre-
ciable concentration of yttrium in most crystals.
Voron’ko, Osiko, Udovenchik, and Fursikov,
have also observed the lines shown by the inset
in Fig. 1 in their dysprosium-doped, oxygen-con-
taminated CaF, crystals. Other authors have
shown”'® that those rare-earth impurities that
normally take up the trivalent state in fluoride-
doped CaF, do so also in the oxide-doped mater-
ial. Differences in the structure of the optical
spectra are caused by crystal-field effects as-
sociated with the presence of oxygen in the lat-
tice. It is therefore reasonable to attribute the
lines that we have observed to Dy3* and Pr3*
ions, and comparison with the spectra of the
free ions® suggests that the transitions involved
are °H,.,,-°I,;,, and °H,-'D,, respectively.

The possibility that the asymmetry is caused
by a fluorescence peak having a slightly shifted
wavelength is ruled out by the fact that no differ-
ence in the effect could be found when using dif-
ferent spectrometers which had the wavelength
selection either before or after the light had
passed through the sample, or when the solid
angle of the optical system was varied.

A plausible explanation of this phenomenon in-
volves the interaction of the rare-earth ion with
a color center produced by the x rays. There is
indirect evidence for this interaction from the
effect of the rare-earth ion on the color-center
bands themselves., Essentially the same color
center is formed no matter which of the rare-
earths is included, the spectrum having two
main absorption bands in the visible region, as
shown in Fig. 1. However, varying the rare-
earth impurity does cause a strong shift in the
bands that varies uniformly as one progresses
through the rare-earth series, as shown in Fig.
2. The peak wavelengths and widths of the bands
depend slightly on the doping level and history of
the crystal but the general trend of Fig. 2 is al-
ways maintained. We earlier found that the color
centers in the cerium-doped material have the
properties of M centers aligned along the cube
axes.

Shibatani and Toyazawa'* have recently extend-
ed original calculations by Fano!? and find that
for an ionic system one of the most likely situa-
tions that can lead to antiresonance phenomena is
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FIG. 2. Peak wavelength of the main color-center
absorption band in CaF, as a function of the rare-earth
impurity, from crystals doped with about 0.05 at.% of
the rare-earth impurity.

that in which a transition of the free ion is for-
bidden but then becomes weakly allowed when the
ion is incorporated into a solid material due to
the perturbing effect of its surroundings. This
situation is well known to exist for electric dipole
transitions of rare-earth ions between states
which have a 4f electron configuration; these
transitions are parity forbidden but they become
weakly allowed in most solids due to a mixture

of small amounts of opposite-parity orbital (e.g.,
5d) by odd terms in the crystalline potential. It
is conceivable then that the perturbing effect of

a neighboring color center will further modify
and even increase the transition probability of
electric dipole transitions, and that this is the in-
teraction mechanism which gives rise to the ob-
served effects. It is difficult at this stage to de-
duce selection rules for the process because of

a lack of detailed knowledge about the symmetry
of the interaction Hamiltonian. Some progress
towards understanding rare-earth-oxide-doped
CaF, has been made in the ESR studies of For-
rester et al.” and Kask, Kornienko, and Rybaltov-

skii.® Both groups find rare-earth ions having
symmetries that are not found in fluoride-doped
material. Kask, Kornienko, and Rybaltovskii re-
cord a rhombic spectrum from Dy®* that changes
to trigonal after y irradiation. However, there
is as yet no general agreement on a model to ex-
plain these observations.

The author is greatly indebted to his colleagues
for valuable discussions and for the loan of some
of the crystal samples. He would also like to
thank P. Henwood of Gulton Industries for cooper-
ation in growing the Stockbarger material, R. Her-
itage for mass-spectrometric analyses, and Miss
J. Walford for experimental assistance.
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