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500 • XeCI- "Italic" Itark
learly Accained
A team headed by Peter Oesterlin recently
approached this goal (see Fig. I) in an ex
perimental set-up at Lambda Physik. The
multi-huudred Watt project was supported
by the German Ministry for Research and
Technology. The laser is seen in Fig. 2.
The laser channel and the beam output
(4cm x Scm) are at the small flange near
the experimentalist's head. The tank is in
fact a compact wind tunnel driven by two
radial fans. 4 thyratrons mounted above the
tank are connected in parallel to provide
energy switching. Preionization is per
formed by UV sparks mouuted behiud a
mesh electrode.
The set-up is an experimental one. It will
also be used in the future for applied
research within the Eureka ED 205 pro~

ject, the European program for the in
vestigation of multi-kilowatt excimer la~

sers. Fig. 2 Set-up ofthe 500 W laser
Fig. 1 Power versus repetition rate of the

500 W XeCl excimer laser

Polariled Excimer Laser Lilhc
Frequency-narrowed excimer lasers (as
EMG 150/160) emit polarized light. The
broadband excimer lasers emit unpolariz
ed light iu their bandwidths given by the
active excimer molecules (natural band
width).
Sometimes there are requests to have
polarized light even for emission in natural
bandwidth. Such applications are:
* Experiments which need a definite
photon angular momentum as in nonlinear
optics, frequency conversion and
stimulated scattering. Introducing an addi
tional quarter-wave plate leads to circular
polarization.
* Molecular beam experiments or ex
periments in low-pressure gas cells
needing aligned or oriented molecular ex
citation, e.g. by absorbing excimer laser
photons at spectral positions of incidental
coincidence.

* Low beam losses if only a small portion
of the beam has to be coupled out by a tilted
quartz plate for beam monitoring. The
beam can be passed loss-free via Brewster
cells.
The intracavity polarizing optics, shown in
Fig. 1, has now been introduced for LPX
lasers. Since it has been realized by

Fig. 1 lntracavity polarizing optics

polarization-dependent dielectric coating,
it was tested firstly for one emission band,
308 inn; however, it is possible to reach
similar results using coatings ,for 351 and
248 om. For 193 om, suitable coatings are
not yet available.
The polarizer, which works for the 45 0

mounting, can be rotated around the laser
beam axis to allow polarization plane rota
tion without beam displacement.
The degree of polarization was measured
to be > 100 for 130 mJ. There is no
dramatic loss in total beam energy by in
serting the polarizer: in the cavity, con
figuration of Fig. 1 pulse energy rose to
140 mJ taking out the polarizer. Mounting
the outcoupling mirror directly on the
discharge unit (standard), energy rose to
160 mJ.
The polarizing optics will be available in
summer 1988.
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Laser beam-optical fiber coupling is performed in many laboratories. Especially excimer laser-fiber coupling contains pitfalls for
the experimentalist. The consequence usually is a reduction in the pulse energy which can be reliably transmitted. In this article
we communicate two aspects which may help to improve the performance of a laser beam-fiber interface.
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Spec.ral Purj.y of aFL 1002 Dye Laser
Measured "j.h·a HjlhllResolu.jon
Monochroma.or

Fig. 1 Output ofa short (8 mm) quartz fiber (0 600 pm) filled with excimer laser radiation at three different divergences: (a) low,
(b) medium, (c) high divergence

Fig. 2a FL 3002 dye
laser line profile. The
entire spectrum was
recorded using
aT~O.005 neutral
density filter
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nals were measured with the boxcar (Stan
ford Research System, Model SR 250)
operating in the last-sample mode.
An IBM PS/2 computer was connected via
an I/O interface with the boxcar, the exci
mer laser and the stepper motor of the mo
nochromator. The computer was used to
control the entire experiment and to pro
cess the data from the boxcar. The stepper
motor and the excimer laser were simulta
neously triggered. At a fixed position of the
monochromator the desired number ofpul
ses was recorded by the boxcar and aver
aged by the computer. The spectra present
ed in the next section were obtained by ave
raging 10 pulses and tuning the mo~ochro

mator with a stepwidth of 0.08 A. The
width of the sample gate was set to 300 ns,
and the laser pulse rate to 16 Hz. Rhodami
ne 6G in methanol was used in both the os
cillator/preamplifier and amplifier dye cu
vettes. All measurements were carried out
at excimer laser pump energy of 100 mJ,
which produced a dye laser pulse energy of
about 15 mJ.

Result and Discussion

Fig. 2a shows the dye laser output recorded
after an adjustment of the FL 3002 at the
maximum ofthe dye tuning curve (il. = 580
om), following a standard procedure. The
laser beam was very strongly attenuated by
the neutral density filters to avoid saturat
ing the photomultiplier as the monochro
mator was scanned across the laser peak. In

I this recording, no satellite lines or structu-
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The experimental set-up used in these stu
dies is shown in Fig. 1. The FL 3002, ope
rating with an oscillator, pre- and main am
plifier was pumped by the excimer laser
(EMG l003i, Lambda Physik). A high
resolution grating monochromator (l,5 m
spectrometer Jobin Yvon, model THR)
was uS,ed to analyse the dye laser output
spectrum. The spectral resolution of this
monochromator was about 0.01 Aat a slit
'width of 5pm. The dye pulses were atten
uated by neutral density filters and diffused
by scattering. The output of the monochro
mator was recorded with a photomultiplier
(1P28A, RCA). The photomultiplier sig-

Experimental Methods

intense satellite lines (which appeared at
3 cm-1 intervals and covered a range of
15 cm- I from the central peak) to weak
sidebands in the output of the dye laser.
The spectrum of the dye laser output was
consistent with RIMS spectra showing
sidebands with an intensity <0,5 % of the
central laser peak. In a technical note,
Klauminzer [2] discussed the current
Lambda Physik oscillator design and
claimed that this design can produce a con
siderable ASE background in the central
part of the tuning curve. Since in our expe
riments the spectral purity of the dye laser
is of great importance, we decided to carry
out more detailed studies on ASE back
ground using the latest dye laser model
from Lambda Physik, an FL 3002 in stand
ard configuration.

Introduction

The pulsed tunable dye laser has proven to
be a versatile tool for the spectroscopist. In
general, pulsed dye lasers do not emit ex
clusively at the selected frequency but
show a spectrally broad background of
spontaneous emission which is amplified
by the high gain medium (ASE). Two kinds
of ASE can be distinguished in an excimer
laser-pumped dye laser: a first part is re
leased immediately after excitation, a sec
ond part coincides with the build-up of op
tical feedback in the oscillator cavity. Al
though, due to high gain, most of the laser
energy is concentrated in a narrow laser
line, a low-power ASE background is al
ways present.
The first part of the ASE can be easily sup
pressed in a dye laser, which consists of an
oscillator and subsequent amplifiers, by an
appropriate time delay in the optical excita
tion of the different stages. In order to sup
press the second part, Lambda Physik
introduced earlier the "Lambdapure"
scheme for the FL 200I/FL 2002 dye la
sers, in which the grating is used as an addi
tional filter for the oscillator output.
Recently, Nogar and Keller [I] measured
the resonant .ionization mass spectrum
(RIMS) of lutetium atoms using an
excimer-pumped dye laser (Lambda Phy
sik, FL 2002). The authors attributed the
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Fig. 1 Set-upfor measurements ofthe dye
laser line profile by the high-resolution
spectrometer. T: external trigger of exci
mer laser, VPD vacuum photodiode (Ha
mamatsu), F: neutral density filter, D: dif
fuser, BS: beam splitter, M: mirror, SM:
stepper motor, PM: photomultiplier
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Fig 2 Reliably transmittable pulse energy
at 308nmfor three different pulse durations

This result is consistent with that previous
ly reported by Taylor et a1. (R.S. Taylor,
K.E. Leopold, S. Mihailov, R.K.
Brimacombe, Opt. Commun. 63 (1987) p.
26) who also gave an explanation (CLEO
88) which, however, is still under
discussion.
More details of these experiments will be
published in the August issue of Laser und
Optoelektronik (U. Sowada, H. J. Kahlert,
D. Basting, in German).

Excimer lasers with longer pulse duration
have been developed (e.g. LPX 605i:
> 50 ns (FWHM), LPX 610i: 250 ns
(FWHM), the successor to the EMG 602
described on p. 4 of Highlights If}). We
report on tests at 308 nm which were
designed to detennine the reliable
transmission of pulses through a polymer
cladded quartz fiber of 600 pm core
diameter.
Measurements were made to detennine
how much energy can reliably transmitted
in relation to pulse length. Fig. 2 shows a
logarithmic plot of that quantity. A straight
line fitted to the data by eye has a slope of
1/2, indicating that the pulse energy
transmittable increases with the square
root of tbe pulse length.

Longer pulses are easier to
transmit

600 /lm core diameter, a variable aperture
illuminated by the laser beam (308 nm),
and a demagnification optics which used a
field lens to avoid overfilling of the accep
tance cone near the edge of the fiber face.
In the tests, the aperture was imaged at the
reduction ratios of 3.5, 8, and 11 ooto the
full entrance face of the fiber which meant
that the aperture had to be adjusted in
diameter according to the reduction of the
imaging ratio. The beam illuminating the
aperture was appropriately attenuated to
keep the laser pulse energy transmitted
through the aperture constant.
Fig. 1a to 1c show photographs of the laser
beam shape obtained behind the fiber for
the different imaging conditions.
For the demagnification ratios of 3.5, 8,
and 11, a clear change from a locally in
homogeneous and filamentary pattern
towards a more homogeneous one is
observed. Consequently, the beam energy
is better distributed in the waveguiding
volume of the fiber. This result is indepen
dent of the applied excimer laser
wavelength.
In a separate set-up, the fiber length was in
creased. It was found that longer fibers
favour homogenization so that no signifi
cant differences were measured for dif
ferent demagnification ratios. These obser
vations are consistent with the experience
that fibers usually break within the first few
centimeters when energy is too high.
Clearly, using a fiber of typical laboratory
length and trying different imaging condi
tions, no significant differences would be
observable in the beam shape at the output.
Thus, when trying to find the optimum
energy transport by a given fiber, a suitable
procedure is to begin with short pieces ac
cording to Fig. 1a-c.

Filling the fiber phase volume
completely
The internal beam divergence of a standard
excimer laser such as the LPX 120i is about
5 mrad (FWHM) horizontally and I mrad
vertically. These values are far from the
diffraction limit. However, even this is not
sufficient for beam-fiber coupling.
The maximum amount of energy which
can be reliably transmitted is limited by
damage mechanisms. The most important
is volume damage, which occurs when the
local intensity in the fiber becomes too
high, as a result of internal focusing.
Coupling a laser beam of low divergence
into a fiber favours local intensity enhance
ment. This is immediately realized when
one takes into account the fact that fibers
are waveguides with well-defined wave
propagation modes. The fibers used for
power tranmission are of the multimode
type, and accept a wide cone of radiation
which corresponds, in the interior of the
fiber, to higher order transverse propaga
tion modes. Therefore, in order to transmit
as much pulse energy as possible without
the risk of damage, it is necessary to fill all
propagation modes of the fiber. This can be
achieved by filling the acceptance cone of
the fiber at each point on the input face.
Liouville's theorem, which is valid for any
beam guiding and beam shaping, states that
the phase volume is preserved. In broad
terms, this means that imaging to smaller
dimensions leads to higher divergence and
vice versa. Hence, suitable beam diver
gence on the fiber face (and correspond
ing filling of transverse modes in the fiber)
can be achieved by imaging an aperture fill
ed by the laser radiation onto the fiber's
face at a reduced scale.
As a demonstration, an experiment was se.t
up using a short (8 rom) quartz fiber with
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In conclusion, a very careful and precise
adjustment of the FL 3002 is recommended
when an extremely high spectral purity is
required.
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Fig. 3 FL 3002 dye laser line profile. The data was recorded as in Fig. 2b. A spectrum
ofthis quality can only be achieved by a very careful adjustment ofthe FL 3002

We have demonstrated that in the center of
the dye gain curve (see Fig. 3) there is no
evidence of any ASE "hump" background
when the system is very well adjusted.
Even after coarse adjustment of the laser a
"hump" ASE was not observed (see Fig.
2b). However, the laser output spectrum in
this case revealed Some similarities to the
spectrum observed by Nogar et al. [I]. In
Ref. [2] it was speculated that insertion of
a highly reflective mirror near the dye cell
causes a background hump. Our experi
ments have shown that this conclusion is
not correct, but results from an oversimpli
fied model. After optical feedback begins,
the ASE and laser emission cannot be eva
luated separately.

Conclusion

res at the wings of the laser line were
observed. The situation was quite different
when the detection sensitivity was increa
sed as shown in Fig. 2b. The left and right
parts of the laser line were amplified by a
factor of 200. This was accomplished by
removing a T = 0.005 neutral density fil
ter. At this intensity, conspicuous structu
res appeared at the wings of the laser line
spectrum. The dotted line in Fig. 2b is a
Lorentzian curve with the same halfwidth
and peak. height as the observed laser line.
On the left side of the spectrum, the laser
intensities show mostly higher values than
the calculated Lorentzian curve. The wa
velength period of the observed oscilla
tions was, however, not the same as that re
ported by Nogar et a1.[I]. The maximum
height of the structures observed in the
wings was less than 0.25 % of the laser
peak height. This explains why the structu
res do not appear in Fig.2a.
In experiments where spectra ofhighly dif
ferent peak heights have to be recorded,
care has to be taken to avoid spurious lines.
Hence, we decided to put more effort into
the adjustment of the laser. The dye laser
profile (A = 580 run) recorded after a very
precise adjustment of the FL 3002, espe
cially of the main amplifier stage is shown
in Fig. 3. The spectral purity of the dye la
ser was significantly improved; both left
and right wings of the laser line exhibited
no structures. The Lorentzian curve was
plotted with the measured linewidth of
0.07 A (~ 0.2 cm-'). The experimental
values of the laser intensity at the wings of
the laser line are well below the calculated
Lorentzian CUrve. Both curves merge 4 A
away from the laser line. We calculated
that 99 %of the dye laser energy is concen
trated in a range of 5A . .61 (5 times the
linewidth) resulting in 0.35 A at A=
5800 A.
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Fig. 2 b FL 3002 dye laser spectrum, recorded without T= O. 005 neutral density filter, ex
cept around the laser peak. The dotted line is a Lorentzian curve plotted using the
measured laser linewidth
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Excimer Lasers in HiSh·'c Superconduccor Research

150 WXeCI reached ai Lambda Physik Rl D

Only three years ago the scientific world was excited by the discovery ofhigh-Tc super
conductors. In the mean time, an estimated 50 000 scientists and engineers work in this
field so that it is difficult to get an overview on the state of the art. Excimer lasers have
become important tools in the production of superconducting thin films and in the
analysis of the deposition process. This article, which is not necessarily comprehen
sive, is an attempt to report on recent progress in this special field.

Why thin films?

It turned out soon that high-T,. supercon
ductivity in the bulk material suffered from
low current density: if the current in a sam
ple is increased, a breakdown of supercon
ductivity occurs. Furthermore, since the
superconductivity effect is strongly
anisotropic, in a poly-crystalline bulk an
unfavorable averaging of the superconduct
ing properties of all crystal orientations oc~

curs. On the other hand, once crystal
growth is epitaxial, the supercurrent densi
ty can be increased over that of poly
crystalline material. Fig. 2 [3] shows
schematically the material deposited in the
favorable c-orientation on a SrTiOJ

pound responsible for superconductivity
(as firstly communicated in a note added in
proof in [1]).
Within a few months after the publication
of [1], the transition temperature rose to 92
K, as achieved at the University of Houston
(C.w. Chu and co-workers, 1987) by
replacing lanthanum with the smaller
yttrium ion. The importance of this result:
the transition temperature was then raised
to above 77 K, which is the temperature of
liquid nitrogen at atmospheric pressure.
YBa2CuJOh became the high-Tc com
pound mainly investigated until today, fre
quently called "one-two~three" for the
stoichiometry of the first three atoms. "x"
stands for a variable deficiency of oxygen.
In other laboratories in Japan and the US.
bismuth and thallium cuprates have been
found meanwhile to exhibit even higher
transition temperatures. and, following the
opinion of experts, a detinite end of this
development is not yet to be seen.
The role of (asers in the game is twofold.
Laser evaporation is very effective, very
reliable, and fairly simple in the deposition
of thin tilms of said superconductors. Fur
thermore, laser induced fluorescence is a
convenient means to analyze molecular
composition and details of the deposition
kinetics.

* First reported at the Eureka EU 205 meeting,
October 9, 1989.

The "copper mountain" in superconduc
tivity began to rise with MUller's and Bed
narz' publication, and has apparently not
yet reached its summit: Fig. J [2] shows
what happened with respect to the transi
tion temperature of superconductors since
1911, when Kamerlingh-Onnes discovered
superconductivity in mercury. Indeed, the
compound Ba-La-Cu-O opened a new
era; Cu-O was soon recognized to form a
non-perovskite type phase of that com-

already set landmarks earlier (cf. HL
11, June 1988). Fig. 1 shows the new
curve average power versus repeti
tion rate' now valid. Comparing it with
that in HL II it is seen that the 50%
higher average power is achieved by
an increase of the repetition rate up to
500 Hz (300 Hz earlier). The repeti
tion rate improvement was brought
about by adding electric power.
However, to take advantage of the
higher electric power installed, UV
preionization of the discharge had to
be improved. The concept used
earlier, UV emitting spark electrodes
behind the mesh electrode, was given
up in favor of a proprietary improved
UV preionization. Dr. Elmar MillIer
Horsche, head of the research team,'00 ,00 lao 400 500

~----REf>. RAH lHzl -~-~....

1 kW Xl" (I laser

A few weeks ago* 750 W output were
reached with the XeCllaser which had

Fig.}: Average power versus repetition
rate

"At the extreme forefront of research in
superconductivity is the empirical search
for new materials", Karl Alexander MUller
and Johannes Georg Bednorz began their
Nobel Prize-honoured paper in 1986 [1],
referring to M. Tinkham et aI., who ex.
pressed the needs at that time at a workshop
at Copper Mountain, Colorado, in August
of 1983.

Introduction

I
0."

M



Lambda HiShlishts Mit 19/20 Lambda HiShliShts M21t/20

Fig. 1 History afsuperconductivity: the transition temperature is plotted versus time. On
the right scale the boiling points afhelium, hydrogen, and nitrogen are marked [2].

First results in producing excimer laser
deposited 1-2-3 layers in-situ without an
nealing ("one-step process") were soon
reported by the Bellcore group in 1988 [8]:

cooling down over several hours was still
necessary. Heating of the substrate during
deposition was required providing thermal
energy for the deposited atoms and mole
cules to migrate on the surface and to ar
range themselves in the energetically
favored lattice. Post-deposition annealing
is not only time-consuming for any practi
cal application. Also, high-temperature an
nealing favors interdiffusion from the tar
get to the superconductor, thus spoiling the
superconducting properties of the film.
Due to a careful control of the deposition
process this situation has now changed dra
matically, as will be described below.
A recent magnetron spuuering experiment
should be mentioned [4]: it allowed a mo
derate temperature (645°C) at the sub
strate, and did not require annealing, but a
careful cooling-down at a rate of30 K/min.
Critical current density was 2 x lOs A/cm2

at 77 K which is not as high as that reached
by the laser techniques.

UV wavelengths are favorable

Excimer-Iaser deposition: de
fining the process parameters

Avoiding post-deposition an
nealing

Infrared lasers have also been investigated
for laser evaporation. Recently, films close
to the stoichiometry of the target were ob
tained [5] using a long-pulse (about 1 ms),
50 J Nd:glass laser, praviding a fast depo
sition rate (100 nm/pulse); however,
850 °C-annealing was still necessary. De
position by frequency-doubled short-pulse
(10 os) Nd:YAG laser radiation, 532 nm,
required 725°C at the substrate [6]; the
same group reports that frequency-tripled
radiation (355 nm) produces much
smoother films [6]. A similar result is
reparted in [12].
Obviously, Nd: YAG laser users recogniz
ed that short wavelengths are more
favorable. In principle, this would not be
surprising, considering the background of
excellent ceramics material processing ca
pabilities demonstrated in many laborato
ries for excimer lasers. However, very re
cently, this trend has been questioned again
by a paper published by the same IBM
group [7], who reports that in-situ layers
epitaxially grown on LiNbOJ do not show
superconducting properties different when
deposited using Nd: YAG fundamental,
frequency-doubled or tripled radiation.

c

a.J
b

Excimer laser ablation was firstly used at
Bellcore by Venkatesan et al., as High
lights reported in its October 1987 issue
(HL 7). Generally, pulsed laser radiation
can be applied in a well-controllable way to
the target. Pulsed UV radiation is very ef
fective in the ablation of non-volatile and
ceramic material. As a consequence, in the
film, almost the same stoichiometry as in
the bulk can be ascertained. However, as
reported in HL 7,1987, in these early expe
riments annealing in oxygen at 900 °C and

Depositing high-Tc layers: an
nealing or not?

The aim of any deposition technique for
high-Tc films is to obtain the required
stoichiometry in the film including the ox
ygen content, to achieve almost unidirec
tional growth in the required crystalline
structure, and to avoid impurities. Fre
quently, these goals cannot be achieved
simultaneously so that an annealing pro
cess of the as-deposited film in oxygen
may be necessary.

00
• Cu
(1) Ba
®Y

-

atoms to arrange. This is the reason that
Stri03 is frequently chosen as the
substrate for experimental investigation.
However, for any practical application in
electronics circuits, Si would be much
more convenient as the substrate.

Producing thin films of multi-element
composition can be performed by
simultaneous vapor or molecular beam
deposition using e.g. three different ovens
in an oxygen atmosphere at low pressure.
Also metal-organic vapor deposition is us
ed. These procedures arc difficult to con
trol and costly.
Therefore, the superconducting com~

pounds are mixed in advance in an almost
correct stoichiometric ratio. Targets
prepared in this way are then sputtered onto
a substrate. Also, flash-evaporation of the
premixed material was tried. The difficulty
is maintaining the stoichiometric ratio dur
ing evaporation.
Another well-proven deposition technique
is magnetron sputtering.

Depositing thin films

Fig.2 Scheme ofa YBa2Cu-,07..,jilm deposited with the c-axis normal to the substrate sur
face [3J
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mean temperature at the transition from normal to supercon
ductivity. The resistivity drop begins with the onset and ends
with R=O showing a narrow transition width.

current density sufficiently high to destroy superconductivity

film properties (e.g. superconductivity) usable without any
post-deposition processing

meaning here the same as as-deposited'

heating followed by slow cooling so that the crystal structure
is modified

crystalline growth of material deposited on a substrate crystal

sputtering of material yielding the atoms of the sputtered
compound using the impact of energetic ions on the material;
magnetron sputtering means the generation of sputtering ions
in a magnetron-driven discharge.

is an adiabatic expansion keeping entropy constant. Practical
ly, for the expansion of a molecular beam into high vacuum,
this means rapid cooling by removal'of the energy contained
in the transverse, rotational and vibrational degrees of free
dom of the beam molecules; simultaneously. an acceleration
of the molecules up to supersonic speed (Mach numbers> 1)
occurs with drastic narrowing of the velocity distribution.
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Transition temperature (K)

foresees further increase of average
power of this type of laser using X-ray
preionization. To reach I kW is the
goal of the second phase of the Eureka
EU 205 project which is to start in
1990.
Clearly, although under laboratory
conditions, realizing average power in

this order of magnitude provides a lot
of experience for current product
development, especially as the
materials employed undergo rigorous
testing. In addition, UV preionization,
which is tess costly than the X-ray
technique, shows remarkable potential
for medium to high-power lasers. Fig.
2 shows the laser in a view somewhat
different from that in HL 8. '

... Superconductors

crystal, supercurrents supposedly flowing
in the CU~O planes which extend parallel to
the substrate.
In addition, from a practical point of view,
thin films are the usual approach to design
ing advanced electronic circuits. This holds
even more so as the production of super
conducting wires raises problems, since
the material is very brittle.
However, thin films need convenient
substrates. To achieve epitaxial films,
ideally the substrate should show a
crystalline lattice favorable for the film

Fig.2: 750 W XeCllaser at Lambda Physik

2 3
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As already mentioned above, an extremely
important process parameter is the oxygen
partial pressure during deposition and
cooling down. Since Cu-O areas are
believed to be essential for high-Tc super
conductivity, the control of the oxygen ad
mission is crucial. This holds the more as
the oxygen atom sticking coefficient is less
than that of the metal atoms, and oxygen
may be ejected.
An investigation on the oxygen admission
was recently performed by Ying, Kim,
Shaw, and Kwok of New York State Uni
versity, Buffalo {13] who used an 193 om
excimer laser (EMG) with a fluence of 4
J/cm2 at 8 Hz, They examined, at 600°C
substrate temperature, the oxygen admis
sion parameters leading to films supercon
ducting as-deposited (with 5 roTorr oxy
gen), and the parameters required for pro
ducing films (0.5 mTorr oxygen) which
showed superconductivity only after a sub
sequent 850°C annealing procedure. To do
this, they measured the resistivity during
laser deposition and oxygen admission af
ter deposition. At the deposition tempera
ture at the substrate (Zr02 (100)) there is,
ofcourse, no superconductivity, but the re
sistivity results were strongly dependent on
the amount of oxygen used during deposi
tion. The resistivity in YIBa!CuJ07., is
known to depend strongly on the oxygen
deficiency x which, at the same time, de
termines whether the tetragonal phase
(non-superconducting) or the orthorhom
bic phase (0, superconducting) prevails.
The authors concluded that at higher sub
strate temperatures (as 600°C), outward
diffusion of oxygen leads to a tetragonal
(T) phase instead of the orthorbombic (0)
phase unless oxygen background pressure
is not rather high (this method is used by
the JUlich group [II]). The 0 phase is re
cognized to be responsibel for good high
Tc superconductivity. Therefore, the au
thors conclude, true in-situ superconduct
iog films can be obtained only with sub
strate temperatures lower than 350°C.
However, in this case, the activation of the
substrate surface which is needed for epita
xial film growth is critical.
To achieve this, Witanachchi, Kwok,
Wang, and Shaw introduced plasma
assisted laser deposition for high-Tc layers
[14]. Fig. 7 shows the scheme of this tech
nique: a low-pressure (10-4 T) O2 dis
charge is sustained, generating oxygen
atoms, ions, and molecular ions. The
substrate was at floating potential. The
authors report that only O2'' ions formed
by electron impact ionization between the
ring electrode and the substrate were effec~

tive in the improvement of the deposition
(ion-assisted deposition). Also, O2+ ions

Oxygen admission: the key for
high quafity films
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Fig. Sa Optimum transition to superconductivity achieved in fll] with 780°C at the
SrTiOJ substrate showing a lO~90% width of I K. R=O is reached at about 92 K.

Fig.5b Plot showing the transition ~.....id/hs of YBa2CuJ07.., films on SrTiOJ prepared at
various substrate temperatures: R(Tc onset} =]00%, 90%,50%,10%, and 0% (R=O)
filj. At 780°C the steepest transition is obtained (ef fig. Sa).

Fig. 6 Composition ofdeposited films and target beam Jpots after laser evaporation for
various laser beamfluences [l2}. See text for further explanation afthis diagram.

portance ofa careful choice of the substrate
temperature in order to achieve a narrow
transition width: the To onset (R=l00%)
temperature is ploued against substrate
temperature as well as temperatures belon
ging to fractional resistivities including
R=O. Clearly, at 780°C the curves most
nearly approach each other, showing that
the transition from ohmic resistance
(100%) to superconductivity (R =0) is very
steep when this temperature at the substrate
had been chosen. The transition width (de
fined as the 20%-90% resistance interval)
was IKonly.
It should be mentioned here that the resi
stance curves are generally measured with
the standard four-probe technique, the cri
tical current densiti¥.s up to which super~

conductivity survives are obtained by ap
plying increasing current through a well
defined bridge in the film (suitably prepar
ed by excimer laser ablation) and measur
ing the voltage/current characteristics until
ohmic behaviour appears.

Congruent evaporation:
dependence on fluence

The dependence of the film composition on
laser pulse fluence for a given 1-2-3 target
was systematically investigated by Roas,
Schultz, and Endres [12] of Siemens, Er~

langen, using a 308 om laser. Fig. 6 shows
a triangular at-% composition diagram for
Y-Ba-Cu. To use this diagram, start at a gi~

ven point within the triangle, projecting a
line parallel to the Ba axis onto the Cu axis
to find the copper percentage. Then rotate
counterclockwise until parallel to the Y
axis in order to find the Ba %, then parallel
to the Cu axis to find the Y %. The ideal
1-2~3 stoichiometry is given by the inter
section of the three lines (verify the 50 :
33,2 : 16,6 percentage ratio). The experi
mental points, for different fluences, refer
to the compositions found on the film (on
the substrate) and, correspondingly, on the
target at the spot after laser evaporation.
Clearly, the circles (4.5 J/cm') and the
triangles concentrate both for target (full
circles) and film (open) close to 1-2-3 stoi
chiometry indicating the most congruent
evaporation at this fluence. Fortunately,
fluences in this order of magnitude are ea
sily achieved by current excimer lasers.
The layers obtained in this way were found
to have grown epitaxial1y (on SrTi03) with
excellent superconducting properties: cri
tical current was measured to be 5.2 x 106

A/cm2 at 77 K, at 2 Tesla still being 3 x
106 A/cm2. Also, at 4.2 K, where classical
superconductors work, superconductivity
up to a current density of 107 A/cm2 was
found, about an order of magnitude higher
than that in commercial Nb3Sn wires, the
authors report.

The deposition temperature

In this experiment, the deposition tempera
ture was found to be fairly critical: Figs.
Sa, 5b show the optimal transition to super
conductivity (a) achieved in this experi
ment, and (b) a plot demonstrating the im-

shown infig. 3 as realized by B. Stritzker
and co-workers at KFA Jiilich, FRG [10].
They use a 248 nm excimer laser (LPX),
slightly focussing the beam. As will be
described below, only a few J/cm2 are ne~

cessary to obtain good results. As reported
also by other groups, the repetition rate has
to be in the range of 5 to 10 Hz, otherwise
the tilms do not grow in the required cry~

stalline structure. Due to the short wave~
length, sputtered material as well as am
bient gas is excited to fluorescence or che~
miluminescence (jig. 4) (compare also HL
7). In a recent experiment (II), Frohlings
dorf, Zander, and Stritzker achieved 500 A
thick films within 5 min (including heating,
ventilation, and removal from the stage)
which showed a T, of 92 K (R=O) and a
critical current density of 1.5 x 106 A/cm2 •

In this experiment the substrate (single
crystalline SrTiOJ or random-ZrO! as
well as YSC-ceramics) was kept at an ele
vated temperature (optimum at 780°C for
SrTiOJ) during deposition, the heating
switched off immediately after deposition,
and oxygen used for ventilation during the
cooling-down period. No further annealing
was necessary.

exdmer laser
11,9"", I,Q",,,

Fig. 3 Typical excimer laser deposition
scheme {JO{

Fig. 4 Light emitting plume due to excimer laser ablation f3}.
that offig. 3.

they improved their technique by applying
an oxygen jet directly to the substrate and
observed chemiluminescence when the
plume of laser~ablatedatoms appeared: ap
parently, oxidizing of metal atoms occur
red already in the gas phase. In this way,
in-situ films of about 2000 A thickness on
SrTi03 and AhO}, superconducting as
deposited, could be achieved, needing fair
ly low substrate temperatures of650 °C and
580°C. Cooling down at 250 Torr oxygen
pressure took about 1 h. A short time later,
a Siemens group also succeeded in circum
venting annealing. However, the substrate
temperature was still high (750°C) and,
again, cooling~downas long as 1 h was ne~

cessary [9].
It was soon recognized that lengthy post~

deposition annealing could be avoided by
using moderate substrate temperatures
only, with appropriate oxygen admission,
or by switching off the heater as early as
possible after deposition:
A typical set~up for laser deposition is

4 5
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- Stoichiomeuy is most critical especially
with respect to the oxygen content.

- Epitaxially grown films in single phase
are most important.

- Reproducible production is to be
achieved.

- Long-term stability has to be
guaranteed.

- Lattice structures leading to higher "[~.

should be explored,

Uwe Brinkmann

All the different experimental attempts
discussed here have these goals in mind.
Whichever technique will prove best is
presently open. This is certainly also true
for techniques competing with laser
deposition methods.
Furthermore, for a technical application in
electronic circuits, deposition of high-Tc
films on Si or other semiconducting
materials as well as the combination with
metallic conductors will be most impor
tant. In this respect research is at the early
beginning, First results of in-situ prepara
tion of c-axis oriented Y-Ba-Cu-O and Bi
Sr-Ca-Cu-O tilms on Si were presented by
Krebs and Kehlenbeck [24J; using an LPX
110i they produced films showing super
conductivity by applying oxygen in a nar
row pressure range in agreement with [15].
In this young field, experimental physics is
in the exciting stage of being far ahead of a
theoretical understanding of the phenome
na. Therefore, techniques which allow re~

searchers to vary parameters almost inde
pendently are welcome. With respect to
magnetron sputtering and other techni~

ques, laser deposition has an immediate ad
vantage due to its flexibility in varying ex
perimental parameters, hence precise in
teraction control, and quick response.
Thus, new high technology gets its best
support from established high-tech!

[IJ J.G. Bednorz, K.A. Milller: Z. Phys.
B 64 (1986) p. 189-93

[2] Hochtemperatur-Supra[eitung, a
brochure issued by VDI Technolo
giezentrum, Diisseldorf, April 1989

[3] Annual Report 1989 KFA Jlilich
GmbH, p.44

[4J A. Hohler, D. Guggi, H. Neeb, C.
Heiden: AppL Phys. Lell. 54, II
(1989) p. 1066-7

[5J M. Balooch, D.R. Olander, R.E.
Russo: AppL Phys. Lett. 55, 2
(1989) p.197-99

We thank Martina Kehlenbeck and Profes
sor Freyhardt, University ofGottingen.for
critical reading ofthis manuscript and va~

Luable suggestions, and the authors ofpa
pers discussed here for sending infor
mation.
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was applied for 30 min. Fig. 12 shows
schematically the modification of the
crystal lattice due to the substitutions. The
authors used X-ray diffraction for crystal
analysis. In this figure, the pyramids mean
the cuprates.
With such "lattice engineering". the c-axis
length can be changed and correlated to the
superconducting (or non-superconducting)
properties. E.g. fig. 13 shows lattices with
different numbers of Cu-O layers between
the BiO layers [23] which were obtained at
low substrate temperature and reaction
with N20.
Surely. these investigations are in an early
stage. However. even if no industrial ap
plication would emerge - due to complexi
ty of the process or other restrictions - the
merits obtained for an understanding of the
high-Tc phenomenon are most important.

Fig. 13 "Tailored" layers of
(Bi(Pb)OhSr2Ca"./Cu,,02"+2 in which n is
1-5 representing the number of CU02
layers between adjacent Bi(Pbh02 layers
!23]

This short survey of the work going on with
y lBa2Cu30h and other compounds is by
no means complete. Tremendous efforts
are being made around the world to define
the processing parameters and to correlate
'them with good results for high-Tc films.
Obviously, most parameters are interde
pendent so that comparisons are somewhat
difficult. However, considering all the re
sults as a whole, a preliminary view arises:

(, lBiOI:~ 1
~t T

••
A·db
~

V@V.V

(c)

(b)

~"~
o Ca

'~

"Tailored" films of Bi-Sr-Ca
Cu-oxides by excimer laser ab
lation: Higher Tc by lattice en
gineering?

~81\-\Ie\leV

correlation with the oxygen partial pres
sure. It was shown that the formation of
oxides already in the plume, enhanced by a
high oxygen partial pressure, is essential
for the production of higher-quality super
conducting films.

e G Ca

/ V.V.V

Fig. 12 Partial substitution ofBa at the Sr
and Ca site. (a) BSCCO film without
substitution, (b) partial SubSTitution for Sr,
30-40%, (c) partial substitution for Ca,
30-40% !21]

As already mentioned at the beginning of
this article, higher Te values were observ~

ed, e.g. in Bi-Sr-Ca-Cu-oxides (BSCCO)
[20] which appeared to contain two super
conducting phases with Tc's at 85 K and
105-115 K (fig. 11 [21]). Clearly, to ana
lyze the site of superconducting phases and
the influence of the constituents on the film
is a major challenge. Investigations focus
sed to this aspect are being done at Osaka
University, Japan, by the group of Profes
sor Kawai using an EMG ArF excimer la
ser [22]. In order to control the deposition
of multi-element films, the researchers
used several targets ("multitarget") expos
ing them sequentially in a N!O gas atmo
sphere as the oxidizer. Targets were sinter
ed disks of BhPb30 y , SrlCulOp CalCujOp

Ba1CuiOp and Y1CUIOy ' Irradiation was
performed in different sequences in
repeated operation as to form 300A-films
of different compositions in which Sr
atoms were partially replaced by Sa in a
BSCCO fim, and Ba, Sr or Y atoms were
substituted for Ca layered in BSCCO.
Post-deposition annealing at 800°C in air

50 100 150 ~oo

T£MP£AA1'UR£lKl

Metal oxides in the plume were spectrosco
pically studied by T. Venkatesan, E. W.
Chase, C.C. Chang of Bellcore and co
workers of different institutions [19], in

'"

Oxide formation in the plume

to allow the low temperature at which as
deposited superconducting films can be
formed.
Using an EMG KrF laser (248 nm) at a
fluence of 4 J/cm2 and time~resolved spec
troscopy, C. Girault, D. Damiani, J, Au
breton, and A, Catherinot of Faculte des
Sciences, Limoges, France [18] found si
milarily energetic atomic beams, mean ve
locity components perpendicular to the tar
get being almost higher than 1(}4 m/s with
rather narrow distribution which also is va
lid for the diatomic molecules CuO, BaO,
YO. The authors attribute their result to the
ablative nature of the decomposition.

x (em)

Fig. 11 Resistivity versus temperature ofa
Bi-Sr-Ca-Cu-O film on MgO(lOO) anneal
ed at 885°C in air for 1 minute, showing
decrease ofresistivity in two steps [21]

Fig. 10 Dependence of the Mach number
and Vo on distance from the target for
various species: (_) Cu i, (0) YI, (A) Ba
1, (.) 0 i, (L) Ba 11.

I
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Fig. 9 Optical time-of-flight measurement
ofablated species including oxygen admis
sioll!i?1

changed its color. Oxygen admission was
adjusted such as to provide as-deposited
superconducting films. Under these condi
tions, the velocity distributions of the
atoms eu I, Y I, Ba I, Ba II, and 0 I were
measured as a function ofdistance from the
target. Fig. 10 shows the result both for the
Mach number and the mean velocity,
Clearly, at a distance of about 7.2 cm,
equalization has occurred including the Ba
and oxygen atoms which have been ac
celerated. This distance was also found to
be optimal for high-Tc as-deposited films
under these experimental conditions!
The authors conclude that, for as-deposited
superconducting films, it is important that
the atoms travel at the same speed so as to
impinge on the substrate at the same rate.
In addition, the energetic oxygen atomic
beam with a velocity of 6 km/s is believed

Fig. 8 Set-up for optical time-of-flight
analysis ofablated species [16]

Species Most probable speed Mean kinetic Mach
number (10' m/s) (eV) energy

Cu I I.l2 41.35 4.05
YI 0.97 43.40 2.3
Ba I 0.82 47.92 1.2
Ba II I.l2 86.40 o(Maxwellian)

In a recent publication by the Buffalo group
[161 the influence of the oxygen
background on the velocity distribution of
the target atoms released by the laser pulses
was investigated in more detail. Using an
optical time-of-flight method (TOF) (see
fig. 8) to analyze the velocity distribution
of individual species in the plasma plume at
10-5 Torr background pressure, the
distributions of Cu, Y, and Ba atoms were
measured (ascertaining that TOF spectra
were independent of the atom's emission
line monitored) at a distance of 7.2 cm
from the target. The distributions, averag
ed from over 200 laser shots, could be fit
ted almost perfectly with a distribution to
be obtained in an isentropic supersonic
beam expansion. Thus, considerable
energy and speed was transferred to the
atoms:

are believed to enhance the oxygen content
of the deposited film, thus improving its
superconducting properties. Very recent
ly, Bormann and Nolting [151 pointed out
that favorable O! conditions are in accord
ance with the O2 vapor pressure of the
material in dependence of temperature.

Table 1: Supersonic expansion parameters obtained in ArF laser-generated ablation with
5.3 Jlem', focused to a spot of0.5 x 1 mm !161

Homogeneous velocity ofatoms
in supersonic beams

The remarkable result is that a supersonic
molecular beam is formed very similar to
beams obtained in hydrodynamic expan
sion of a (fairly) high-pressure gas via a
narrow nozzle. As a consequence, the most
probable velocity values do not differ so
much due to equalization in the isentropic
expansion. In an accompanying paper
[17], the influence of the oxygen flow onto
the velocity distributions was studied (cf.
fig. 9). Again, an EMG ArF laser was used
to collimate the beam via the oxygen jet on
to the target, providing a tluence of 5.3
J/cm2 which was found most convenient
for the generation of superconducting
films. The oxygen jet was observed to emit
a red glow indicating efficient interaction
of the 193 nm radiation with O2 molecu
les. A DC voltage applied downstream
even enhanced radiation emission and
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Zhang Yuchuan, Senior Engineer and
Deputy Director at the Beijing Institute of
Opto-Electronic Technology, Beijing,
Peoples Republic of China, was at Lambda
Physik for 11 months, working at the R &
o division in G6ttingen. His stay was a
good example for the fruitful cooperation
possible across borders which, until
recently, were believed to be unsurmount
able for a long time. At his Institute he
mostly fulfilled management functions, so

Zhang Yuchuan
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he enjoyed laboratory work, having suffi
cient time to do practical things. For exam
ple, using a laboratory set-up, he in
vestigated the excimer laser beam pattern
under various conditions, extending the
analysis to the farfield pattern. Such time
consuming measurements are important
for laser application and instrument im
provement,
In 1977 Zhang Yuchuan first took notice of
Lambda Physik, still in the "nitrogen laser
era" , when he investigated at his university
a nitrogen laser he had built himself. At
that time, Dirk Basting visited that
laboratory so that the personal contact
came about.

'[19] X,D. Wu, B. Dutta, M.S. Hedge, A.
Inam, T. Venkatesan, E.W. Chase,
C.C. Chang, and R. Howard: App!.
Phys. Lett. 54 (1989) p. 179-81

[20] H. Maeda, Y, Tanaka, M. Fukutomi,
and T. Asano: Jpn. J. App!. Phys, 27
(1988) p. L209

[21] M. Kanai, T. Kawai, M. Kawai, S.
Kawai: Jpn. 1. App!' Phys. 27 (1988)
p, L1293-6

[22] H. Tabata, T. Kawai, M. Kanai, O.
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[23] M. Kanai, T. Kawai, S. Kawai, H.
Tabata: App!. Phys. Lett. 54 (1989)
p.1802-4

[24] H.U. Krebs, M. Kehlenbeck, Pro
ceedings of the MzS Conference,
Stanford, July 1989

Yuchuan took advantage of his Stay
travelling through different parts of Ger
many. When asked what he liked the most
he appreciated very much Gottingen, "the
city is so quiet - in comparison to the
densely-populated big Chinese cities". In,
this respect, Munich seemed to him more
comparable to Shanghai!

He noted a high efficiency in the daioy
work, and he was especially impressed by
the skill of the technicians working at
Lambda Physik. On coming home, he in
tends to apply his new experiences, as
much as possible, to his work at the In
stitute.

However, first of all, he looked forward to
seeing his family again.
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which increased the rate of excitation of vibrations of the
HCI molecule' in accordance with the reaction

FlO. 2. Dependence of the output energy on a = {tl 2 ]/(HCIJ for a mix
ture of the He:Xe:HCl = HXXJ:1O:1 composition with (He]
= 8x lOI"cm ~).

Sincean increase in the energy deposited in the mixture
resulted ina practically linear increase in the output energy,'-
it was concluded that the HCI donor was not significantly
UdepIetedn during one pulse. Therefore, the increase in the
energy ofthe first pulses in the series could not be explained
by the reaction (I). The improvement in the output charac
teristics ofthe laser was clearly due to the following factors:.

1) cooling ofelectrons due to excitation ofYibrations of
the H2 molecule:

the composition of the He-Xe-HCI mixture was optimized
in respect of the output energy. It was found that when this
composition was He:Xe:HCI = 1000:10:1, the energy
reached 21 mJ, .which corresponded to an efficiency of
1/ = 1.5% relative to the stored energy_ Then, hydrogen was
added to this optimized He-Xe-HCI mixture. The depend
ence of the output energy on the hydrogen concentration
was determined (Fig. 2). In the case ofa mixture with the
He:Xe:HCl:H, = 1000:10:1:1. ~o!!,pg~iti()JIJh§.rne~gy ..gfll!e
radiation ptdse isUi"!:~ea'j):i15% t§1!sl!ing?Im!; ~e
over;1heslability ofoperation ofthe laser improved. Lasing
oCCurreaat·wave1engt1lSA:,-=307:87an'CX;;;308.0 nm.
An improvement in the reproducibiJity ofthe energy from .
one pulse to another was clearly due to recovery of the Hel
molecule by the reaction" ,..

. Hrf-O.- 2HCI. (1).

2) transfer of the vibrational excitation from the mole
cules

H,(o)+ HCI_ HCI(u)+ H:.

Therefore, when hydrogen was added to the
He-Xe-HeI mixture, there was an effective increase in the

~w - !

Q It",

0049·1748/88/010072·02$04.10Sov. J. Quantum Electron. 18 (1), Jan:19BB72

FIG. 1. Elt:(,.'trical part oftht: apparatu~: R 1 and R 2 are re$i~tors in the
charging circuit; e<) hi a storagt: c~pacitor; G is a discharge gap; C 1 is a
peaking cupudlOr; C1 is;,. decoupling capacitor in the preionizulion dr·
cuil; C1 and C4 are capacilOrs in lhe voltage divider circuit; TR is the
currelli trulIsll.lfrnt:r.
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Influence of hydrogen on the characteristics of an excimer XeCI* laser
A. N. Adkhamov, B. A. Azimdzhanov, T. U. Arslanbekov, V.l. MikhaTIov, A. N. Obichkin,
I. M. Ternovskil, and V. E. Chekalin

(Submitted July 24,1987)
Kyantoyaya Elektron. (Moscow) 15, 112-113 (January 1988)

The characteristics ofan electric-discharge XeCl* laser were improved by the addition of
hydrogen to an He-Xe-HCI mixture. The energy of the output radiation pulses increased by 15%
and the operation of the laser became stabilized. A study was madeofthedependence ofthe
output energy on the hydrogen concentration.

Beginning from the seventies the popularity of excimer
lasers as effective sources ofvlsible and ultraviolet radiation
has increased. The best characteristics among excimer lasers
have been reported for rare-gas halides KrF', XeCI, etc.
Further forced energy deposition in the medium is causing
difficulties, so that it would be highly desirable to consider
improvement of the excimer Jaser characteristics by opti
mization of the composition of the gas mixture~

The present paper reports an increase in the efficiency
ofan electric-discharge XeCI'laser on addition ofhydrogen
to an He-Xe-HCl mixture. We shall give the dependence of
the output energy of the laser on the hydrogen concentra-
tion. ',--~

" The active medium was' excited by a transverse dis~ .
charge preceded by ultrayiolet preionization. The electrical
part of the apparatus was in the form of the circuit shown in
Fig. I. A storage capacitor Co consisted of three K-15-10

_ capacitors connected in parallel and IOnF each. A high
pressure spark gap G was used to switch on the discharge.
The dimensions of the main discharge gap were 60 X 0.5 X 2
em (where 2 em was the distance between the electrodes).
The voltage acroSs the electrodes was U = 18 kV, the dura
tion of the discharge at midamplitude was 1'.::::50 ns, the
duration of the laser output pulses was 1'[ ::::30 us. The out
put energy was measured with a IKT-IM calorimeter and

. the duration of the output pulses was determined with an
FK-22 photocathode.

Preliminary ionization of the medium was provided by
a discharge on the surface ofan insulator. The preionization
system' was located axially along the electrodes. The dis
charge on the insulator surface was characterized by a high
spectral brightness in the short-wavelength range, which en
sured effective preionization of the gas mixture.

The influence of the addition of hydrogen on the output
characteristics of the laser was investigated as follows: first)
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j,'," ,nDC:f 01 \'IDi~ltlOn<lilY C'.\CilCd HCltv) moicl,,;ui~s and of

~ctiveXe-Cl'" molecule::. as a result of the multistage process
HCI(v)-CI~ -XeCI*.

When the hydrogen concentration was [H2 ]

> 1.5[Hel], there was a strong reduction in the output ener
gy of the laser. This was due to quenching ofthe XeCI* mole
cules by hydrogen anddue to absorption oflaser radiation by
the Hz molecules.
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Lasing due to impurity color centers in yttrium aluminum garnet crystals
at wavelengths in the range 1.35-1.45 f.l.m '

N. B, Angert, N.!. 80rodin, V. M. Garmash, V.A. Zhitnyuk,A.G. Okhrimchuk,
O. G. Siyuchenko, and A. V. Shestakov

(SubmittedJuly 27,1987)
Kvantov~yaElektron.(Moscow) 15, 113-115 (January 1988)

Low-thr~holdwide-band lasing was achieved for a YAG crystalwith optically and thermally
stable color centers. The absorption and luminescence spectra were determined, and the gain was
measured in the range ofwavelengths corresponding to the color-c'enter luminescence. The cross
section ofthe lasing transition was estimated (8 X 10- 19 em2) and theefficieney ofconversion of
the pump radiation from a neodymium laser into the output radiation was determined (10%).

FlG. 1. Absorption spectrum of a YAG crysta.1 with color centers..

1.25-1.7 }tm, the spectrum of which is shown in Fig. 2. The
luminescence decay kinetics observed on pulsed e.'tcitation·
ofthe color centers with a Q-switehed and neodymium laser
was exponential with a time constant 4.6 ps at 300 K_,
Bleaching ofthe crystals with'colorceriters was observed in a
band at 9000--12000 em - I when they were subjected to the
same neodymium laser !adiation and the density of the a"f.1..
sorbed energy was -40 mJ/ cm', which indicated that a pop
ulation inversion was attained for the main transition in the.
color centers. Bleaching ofYAG crystals with color centers
in the absorption band at moderate densitiesofth.e absorbed
energy and the wide spectrum of the color-center lumines-
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Solid-state tunable lasers operating in the near infrared
have some important applications. Much of the work on
these lasers has been concerned with the spectral and lasing
characteristics of crystalline materials doped with transi~
tion::;:metal ions y2 + • Nil + , and Co2 + and with lasers made

"using these materials and emitting in the range 1.2-1.8 pm
(Ref. l). However, lasers of this type ate not used widely
because the active medium has to be cooled to cryogenic
temperatures. Considerable progress has recently been made
on the construction ofcolor-center lasers using alkali halide
crystals, which can operate efficiently at room tempera
ture,2.3 Unfortunately, the instability of the parameters of
active elements oflasers of this" t)'pe under the influence of
elevated temperatures or of ultraviolet and visible optical
radiation limits seriously the potential applications of these
lasers.

We shall report lasing observed in the range 1.35-1.45
pm for optically and thermally stable impurity color centers
in yttrium aluminum garnet (YAG) crystals. Impurity col
or centers in crystals with the garnet structure can be formed
by doping with chromium and oxidation of this impurity to
the quadrivalent state. These color centers have strong ab
sorption bands in the visible and near-infrared parts of the
spectrum. Figure 1 shows the absorption spectrum recorded
at 300 K for a Y AG crystal containing color centers. Excita~
tion of such a crystal in the absorption band of the color
centers produced luminescence in the wavelength range
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