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With the development of optical masers, ' ' it
is now possible to study two-photon processes
which necessitate intense sources of monochro-
matic radiation. We have investigated the genera-
tion of blue fluorescent light around gy = 4250 A
by illuminating CaF, :Eu'+ crystals with red light,
y~= 6943 A, of a ruby optical maser. Our experi-
ments differ from the recent investigations by
Franken et al. ,

4 who observed the generation of
optical harmonics in quartz. It is essential in
their experiments that the crystal lacks a center
of inversion and that it is transparent at v and

2'. In our investigations, the highly symmetric
cubic CaF, structure is used and after an excita-
tion to a real absorbing state of Eu'+ at 2v~, the
fluorescent decay to a lower state is observed.
CaF, crystals, with O. l%%uo

Eu'+ ions substituted
for Ca'+, exhibit strong absorption between 30000
and 25000 cm ' resulting from electronic 4f 5d
transitions of the Eu' ion. ' Excitation of
CaF~:Eu2+ with light absorbed in this wavelength
range gives rise to a brilliant blue fluorescence
(bandwidth -300 A) which originates at levels
around 4200 A and terminates at the ground state.
There are no energy levels below 22000 cm ',
making CaF, :Eu'+ crystals transparent at v= v~.

We have performed the following experiments.
A CaF2:Eu2+ crystal of 1-mm thickness was
mounted in front of the entrance slit of a quartz
spectrometer, and the light beam of a ruby opti-
cal maser (-0.1-joule output) was focused onto
the sample. Two red filters with transmission
values T & 10 4 for g & 6100 A were mounted be-
tween the maser and the CaF2:Eu+ crystal in
order to eliminate the possibility that blue or ul-
traviolet stray radiation from the flash lamp
reaches the sample. The fluorescence of the
crystal was photographed at the exit slit of the
spectrometer. Between the sample and the prism,
a blue filter with T =—10 ' at 7000 A was interposed
to avoid excessive blackening of the photographic
plate. In Fig. 1 a picture of the output spectrum
is presented which was obtained by one flash
(-500 p, sec) of red light. The overexposed bright
spot at 6943 A results from the incident maser
light. Of particular interest is the observation
of light around 4250 A, which is characteristic
for the blue fluorescence of CaF, :Eu2+. The width
of the blue streak is approximately 0.3 mm cor-
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FIG. 1. Positive of photographic plate, indicating
the blue emission of a CaF2..Eu + crystal under strong
illumination with A,~=6943 A.

responding to the diameter of the incident light
beam. When pure CaF, was illuminated by the
optical maser in the same way, no light with
g & g~ was observed on the photographic plate.
This observation is expected from the high sym-
metry of the CaF, lattice.

In a second experiment, the light beam leaving
the quartz spectrometer was intersected by two
mirrors in such a way that the red and blue parts
of the spectrum were directed separately onto
two photomultipliers. The signals of these photo-
multipliers were displayed simultaneously on a
dual-beam oscilloscope. Load resistors of 10'
ohms in the photomultiplier circuit were employed
in order to smooth out the spikes (resulting from
the relaxation oscillations) of the ruby optical
maser and to allow a direct quantitative compari-
son between the two signals. In Fig. 2 the signal
I~ obtained in the blue part of the spectrum is
plotted against the signal in the red I~, which is
a direct measure of intensity incident on the crys-
tal. The empirical line through our experimental
points represents the quadratic relation I&~I ',

y '
which is a strong indication that we are dealing
with a two-photon process. From the calibration
of our photomultiplier, the number of blue photons
at the exit slit of the spectrometer could be esti-
mated to be 5 x10' photons per flash. This number
agrees well with the value of -10' photons per
flash estimated from the blackening of the photo-
graphic plate shown in Fig. 1.

We believe that in our experiments a real state
of the Eu'+ ion at v=2v~ is excited by a two-photon
process. The observed fluorescence is only an in-
dication that the ion was indeed in the excited
state. The probability of a process by which an
atom is excited by two photons hv, and hv„ the
sum of which corresponds to an excited state of
the atom, was first treated by Goeppert-Mayer in
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FIG. 2. Blue fluorescent in-

tensity of sample versus inci-
dent red intensity.
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1931. More recently Kleinman' has reinvesti-
gated the problem and has derived an equation for
the cross section 0 for such a two-photon excita-
tion process which allows a direct quantitative es-
timate of the expected number of blue photons:

o= (e'/mc')'(x '/n'av)F,

where e'/mc'= 2.8x10 "cm, n is the dielectric
constant of the material, 4v is the width of the
absorption band around 2p~, and F is the incident
photon flux. The number of excitations or, as-
suming a fluorescent quantum efficiency of one,
the number of emitted fluorescent photons per
unit volume of the specimen is

P = oNF = (e /mc~) (g /n Av)NF . (2)
y'

Here N denotes the number of fluorescent ions in
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the crystal. For an estimate of I'~, the following
experimental data were used: ~~=7&10 ' cm,
n(caF, ) = 1.4, gv= 1.5x10'4 sec ' (5x10' cm '),
and N = 2.4 &10"Eu ions per cm'. The maser out-
put of 4x10" photons was concentrated into an
area of approximately 10 ' cm', the incident pho-
ton flux F is, therefore, F = 8 x10"photon cm '
sec '. From Eg. (2) we obtain P5=10" photons
cm ' sec '. Since the active volume was 10
cm', one calculates 5x10' blue photons to be
emitted per flash (500 psec). The efficiency of
this two-photon process is therefore -10 '. This
value could be greatly increased if a system with
a narrower excited state (smaller b, v) were em-
ployed. For a comparison with the observed num-
ber of blue photons, one has to consider the f/4
lens system and a number of reflection losses in
the spectrometer. The number of photons leaving
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the instrument is calculated to be 10'. This value
agrees quite well with the experimentally observed
photon flux, giving strong support to the interpre-
tation of our observations. The agreement is bet-
ter than expected considering the simplifications
made in the derivation of Eg. (2) and the estimates
made during its application.

We would like to thank D. Kleinman for commu-
nication of his paper prior to publication, and

H. Guggenheim for growing the CaF, :Eu + crystal.
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To establish the various regimes of behavior of
electrons in a magnetic field, the cyclotron fre-
quency ~~ is usually compared with 7 ', I 'kT,
or I 'Eg, where 7 is a typical relaxation time
and E~ the Fermi energy. Comparison of vz
with ~ ~F&, where 8& is an energy gap of the
pertinent band structure, has not been discussed
except to note that the usual derivations of an ef-
fective Hamiltonian~ for the motion of electrons
in a magnetic field is no longer valid when I~~
-Eg. No attention has been directed to the ques-
tion of what actually happens when S~z exceeds
Eg, that is the subject of the present Letter.

The splitting of the energy levels due to mag-
netic fields is of the order of 10 ev per gauss,
whereas gaps in ordinary band structures are
rarely as small as 0.1 ev. Our question mould

be academic were it not for the existence of small
gaps of the order 10 ' ev or less in some metals
because of spin-orbit splitting or of points of ac-
cidental degeneracy at or near the Fermi level. '
These gap/'are small compared with the Fermi
energy and the remaining typical gaps in the band
structure. In such a case the answer to our ques-
tion is that as H increases, one passes from elec-
tron orbits determined semiclassically from the
entire band structure to those determined semi-
classically by ignoring the small gaps. We call
this effect magnetic breakdown. Of course, some
additional effects take place, i.e., a spreading of
the magnetic levels into narrow bands and addi-
tional scattering processes, but these are not sig-
nificant except in the transition range of magnetic
field Se&™Fg.

Let us consider a simple example of a free-
electron metal perturbed by a one-dimensional
periodic potential. The one-electron Hamiltonian
in the presence of a magnetic field in the z direc-
tion is

1 &- lel-~,X= ip+ A) +V, coster,
2m I c

where

A=(0, Hx, 0),

Since the electron distribution overlaps into the
second zone, the Fermi surface consists of an
undulating cylinder in the first zone with axis
in the x direction and a small pocket of electrons
in the second zone [Fig. 1(b)]. When H is small,
i.e., @co&«V0, the undulating cylinder gives rise
to a set of open orbits; as consequences de Haas-
van Alphen oscillations arise from the pocket but
not from the cylinder and the Rxx component of
the resistivity tensor increases quadratically with
IJ. When ~(d~» V0,' magnetic breakdown essen-
tially restores the free-electron surface [Fig. 1(a)]
and only the equatorial section of the "sphere"
gives rise to a de Haas-van Alphen period. More-
over, because the open orbits have now disap-
peared, Rxx decreases as H to a saturation
value which is very approximately the free-elec-
tron value. The spreading of the magnetic levels
into bands, which have a maximum width of about
2&p for orbits which just intersect the zone faces,
gives no appreciable effect, and the additional
scattering processes give only second order cor-
rections to the free-electron magnetoresistance
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