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calculations" show that Coster-Kronig transi-
tions are energetically forbidden when more than
two vacancies occur in the outer shell. In the
absence of competing Coster-Kronig transitions
the fluorescence yield of the I, shell increases
by more than an order of magnitude. For the
present case we estimated that the number of
highly ionized atoms (i&2) is too small for a sig-
nificant effect from the I-, shell, but more de-
tailed work is needed to study the charge-state
dependence of the fluorescence yield and the
Coster -Kronig transition rate.

We are very much indebted to Dr. H. Tawara,
Dr. K. G. Harrison, Mr. A. Langenberg, Mr.
D. Schneider, and Mr. U. Leithauser who shared
in the experimental work. We would like to thank
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Mechanisms are discussed by which radiations can produce color changes in Fe-doped
SrTiO~. &-particle and cosmic-ray (&-meson) absorption events have been detected by
these crystals.

%e report here the detection of high-energy
particles by photoehromic iron-doped strontium-
titanate single crystals. This method is much
simpler than detection by other presently existing
track-type detectors. As explained below, the
tracks can be erased and the crystal may be re-
used.

Strontium-titanate crystals doped with O. l%%uo

iron are black in color. The iron ions enter the
crystal substitutiona, lly, replacing Ti4+. About
half of the iron ions (- 52%%uo) are in the Fe ' state. ~

The black color is explained in terms of the high
absorption coefficient of Fe" in the visible re-
gion of the spectrum. If such a crystal is re-
duced by heating at 900'C for about —,

' hour in par-
tia. l vacuum (l Torr), the number of Fes' ions in-
creases and the crystal changes color from black
to yellow. Since the Fes+ ions a,re in the Ti4'
sites, charge balance in the crystal is maintained
by oxygen vacancies. ' By changing the valence
state of the iron iona, the color of the crystal
ean be switched back and forth between black and
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FIG. 1. Processes that produce reversible color
changes in SrTi03.

yellow.
In Fig. 1 are shown three methods by which the

color can be changed from yellow back to black.
They are (1) light irradiation in the range 3900-
4300 A, (2) oxidation, and (3) application of high
voltage across the crystal above 100'C. In the
first method, an electron is raised to the conduc-
tion band by the incident photon produci. ng the
valence change from Fe3+ to Fe~+ without any
change in the oxygen vacancies. Subsequently,
the electron falls back to the iron ion site with
a decay time of less than 1 sec; therefore, the
color change produced by light irradiation is not
stable. The other methods depend on increasing
or decreasing the oxygen vacancies and, there-
fore, they produce stable states which can be re-
stored to the original form (i.e., black to yellow)
by reversing the process. The method that is
significant to the discussion here is the third one
where, under the influence of the applied elec-
tric field, 0 ions move to the positive elec-
trode side when heated above 100'C, thereby in.-
creasing the Fe" concentration and, consequent-
ly, the optical density near this electrode. ~ Thus
R vislMe colol' cllRnge (blRckelllllg) occul'8 IleRI'

the positive electrode since the mobilized oxygen
ions result in filling the oxygen vacancies.

When certain radiation particles pass through
a crystal, the core of the track extending out to
a given radius causes momentary local heating
along the track. If the crystal during this time
is subjected to an electric field, the oxygen ions

are attracted to one side of the particle track,
producing a black image in regions where tem-
peratures have exceeded about 100'C. Observ-
ability of this black region depends on the radius
of the effective particle track. A simple calcula-
tion using the method of Mullen' shows that, for
particles having energy losses in SrTi03 no great-
er than 15 MeV jmg cm2, the effective diameter
of the region heated to 100'C is &1000 A.' This
track si.ze is too small for optical microscopic
detection. Results of experiments performed to
detect 40-MeV o. particles using a 25-mm-diam
x 2-mm strontium-titanate crystal support the
above conclusion. The crystal was subjected to
an applied electric potential of 1000 7, and the
particles entered the crystal through its edge.
Even though single tracks of the 40-Me7 o. parti-
cles were not made visible microscopically by
this technique, a general blackening of the crys-
tal occurring in a well-defined region (whose
width was equal to the range -0.5 mm of the n
pR1'tlcles iI1 81 Tlog) WRS observed oil lrradlatlng
the crystal in the cyclotron beam. This blacken-
ing was stable. The mechanism for it is differ-
ent from that observed by Faughnan, Phillips,
and Kissv in which the crystal was bombarded by
20-50-ke7 electrons. An electric field was not
applied during their irradiation. The blackening
obtained by them resulted from electronic transi-
tions to the conduction band, producing Fe ' (sim-
ilar to method 1). In this case, the electrons fall
back to an original state in a characteristic de-
cay time, thereby restoring rather rapidly the
original color of the crystal.

An experimental approach that yielded satis-
factory single-particle detection is as follows:
Experimentally (see Fig. 2), 2-cm-radiusx2 mm-
thick strontium-titanate crystal (yellow) was sand-
wiched between two uranium foil electrodes, one
of which (anode) had a thin oxide layer (-0.1 mm)
on it. When e particles emitted during the decay
of uranium pass through the oxide layer, they
produce oxygen ions which are attracted to the
SrTi03 crystal by the applied electric field (1000
V between the electrodes). An oxygen accumula-
tion on the surface of the crystal becomes visible
as a result of the formation of clusters of Fe
81'tes, Pl ojectlon of the c1"Gss section of the A

particle tracks thus obtained are shown in Fig. 3.
Spots having a diameter of -19 pm are formed.
The range of these n particles in uranium oxide
is -10 jtLm; therefore, most of these particles
are stopped in the oxide layer. The reasons for
suggesting that oxygen ions released from the
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FIG. 2. Experimental arrangement used in detection
of radiation. e particles release positive oxygen ions
in the uranium-oxide layer. The positive oxygen ions
are attracted to SrTiO& and oxygen accumulation pro-
duces color changes on the surface of the crystal. The
depth of the blackening is too small to measure. Thick-
ness of the SrTiO& crystal is 2 mm and the thickness of
the oxide layer is - 0.1 mm.

oxide are responsible for the spots are (1) spots
form on the surface of the crystal facing the an-
ode coated w.'th the uranium-oxide layer. (2) The
spot size observed is much larger than the calcu-
lated radius of the radiation heated region around
the particle-track core. (3) Uranium foils with-
out one having an oxide layer did not produce any
images.

Figure 3 also shows a long track ending in a
three-pronged star which occurred during one of
the experiments. This track starts from the top
edge of the crystal, and is presumed to be caused
by a cosmic-ray particle being slowed down in
the oxide layer. A m meson captured by a nu-
cleus after being slowed down produces similar
tracks in photographic emulsion.

The tracks can be erased by reducing the crys-
tal at 900'C in partial vacuum. The number of
such reducing cycles has no effect on the sensiti-
vity of the crystal. Crystals which have been re-
duced up to 10 times have been reused success-
fully. Heating at 900'C also apparently restores
the crystal from radiation damages which may
have caused such effects as small changes in
volume and dielectric constant. ' Other advan-
tages are these: (1) Image development is im-
mediate requiring no further special methods.
(2) Temperature or pressure control are unneces-
sary. (3) Unlike a cloud or bubble chamber, the
sensitivity is continuous. (4) The ima, ge is stable,
permitting leisurely analysis of results.

In the arrangement just described, the active

FIG. B. Spots are projections of +-particle tracks on
the surface of the SrTiO& crystal. Most of the & parti-
cles emitted during the decay of uranium are stopped in
the oxide layer. The range of these & particles in the
oxide is - 10pm. The long track is apparently due to a
cosmic-ray particle being slowed down and reacting
with a nucleus in the oxide layer. The total length of
the track is 4.6 mm.

volume of the detector is very small, being con™
fined to a small section of the oxide layer in con-
tact with the crystal.

The author is grateful to B. W. Faughnan of
the RCA Laboratories, Princeton, New Jersey,
N. Nolan, Michigan State University, and K. L.
Gauri, D. Dupre, and H. Groskreutz for many
helpful discussions.
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According to a phenomenological theory of collisionless superfluid He, the velocity of
high-frequency sound should show a transition from zero- to first-sound velocities as the
superfluid fraction p~/p is increased. From the experimental observations of this behav-
ior by Paulson, Johnson, and Wheatley, the order parameter ps/p can be determined for
3He II.

Qbservations of a discontinuity in the specific
heat' and a shift of the NMR frequency' in pres-
surized 'He near 2-3 mK have raised the possi-
bility that it undergoes a superfluid transition.

In the normal state, 'He displays interesting
collective or macroscopic behavior in two re-
gimes: (1) the hydrodynamic regime, where the
angular frequency ~ of any disturbance is small
compared with 1/T (T is the collision time), and

(2) the collisionless regime where +7 & l. If 'He
exhibits superfluidity, there will thus be two cor-
responding regimes in which the superfluid frac-
tion will influence the collective behavior. It is
generally expected that in the superfluid-'He hy-
drodynamic regime the appropriate phenomeno-
logical theory will be the Landau two-fluid equa-
tions' of 4He supplemented by the Qnsager-Feyn-
man quantization

f'v, dl =nb/2m„

where v, is the superfluid velocity, n an integer,
h. Planck's constant, rn, the mass of a 'He atom,

and dl an element of length in the contour of in-
tegration.

The purpose of this paper is to present a phe-
nomenological theory of the collisionless regime
of superfluid 'He. It will be seen that as a result
of the formation of a superfluid the speed of high-
frequency or zero sound must, as the tempera-
ture is lowered, show a transition to the first-
sound velocity. This behavior has already been
observed by Paulson, Johnson, and Wheatley'
and a comparison of the results obtained here
with their experiments leads to an expression
for the superfluid fraction p, /p.

The excitations or normal fluid are completely
described by the distribution function n(r, p, t) d r
&cd'p, yielding the number of excitations in the
phase-space region d'x about r and d'p about p.
As with 'He in the normal state, ' we assume that
n(r, p, t) obeys a kinetic equation of the form

&Pl BIZ BE BPl BE
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