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The stimulated radiation and absorption and luminescence spectra from neodynium-activated
(Nd*") yttrium-aluminum garnet (Y3Al;0y5) have been studied. A level scheme for the ‘Fy/, and
4111/2 terms at 300 and 77°K is proposed and compared with the observed induced transitions.
Lasers are described of the pulsed type, a quasicontinuous type with a pyrotechnic source of ex-

citation, and also a continuous laser.
INTRODUCTION

THE first report of stimulated radiation from
crystals of yttrium-aluminum garnet Y;A1;0,; ac-
tivated by Nd** ions (YA1G) was made by Geusic,
Marcos, and Van Uitert.t 1 They constructed both
pulsed and continuous lasers from YAIG—Nd**
crystals. Somewhat later, Kiss and Duncan'?! ob-
served sensitization of the radiation of Nd** ions
by Cr®" ions in YAIG crystals, as the result of
which they constructed a laser with better charac-
teristics.

In the present paper we report studies of the
absorption, luminescence, and stimulated radiation
spectra of Y3A15O12—Nd3+ crystals produced in the
Crystallography Institute of the U.S.S.R. Academy
of Sciences. On the basis of the data obtained we
have constructed a diagram of the Nd** levels par-
ticipating in the laser action. In the paper we de-
scribe a pulsed laser, a quasicontinuous laser us-
ing a pyrotechnic source of excitation, and a con-
tinuous laser.

CRYSTALS USED FOR THE STUDIES

The YAIG—Nd3* crystals used were grown from
solution in a melt of PbO and PbF2[3’ ) and from
the melt. Neodymium oxide was added to the melt
in quantities from 0.2 to 2.0 wt.%. It was estab-
lished that the Nd** enters into the crystal only
partially, in the isomorphic replacement of yttrium
ions. The neodymium concentration in the grown
crystals was measured with an x-ray microana-
lyzer.“ From the single crystals produced, speci-
mens were prepared for investigation. For the
experiments on laser action we used cylindrical

DThe measurements were made by V. P. Lider,

rods of circular (2—5 mm diameter) or square
(2.5 X 2.5 mm) cross section and 5-35 mm long.
The end faces of the crystals were plane-parallel
to better than 15”. The optical quality of the crys-
tals was satisfactory., In some samples of YAIG,
in addition to neodymium, we introduced chromium
(Cry03). According to the Linde catalog'® the
garnet crystals have the following characteristics:

refractive index: 1.83 (1.815[ 6])

density: 4.2 g/em®
melting point: 1970°C
hardness: (Mohs scale) 8.5

heat capacity: 0.14 cal/g-deg
thermal expansion
coefficient:

thermal conductivity:

9.3 % 107 deg™!
0.03 cal/deg-cm-sec

OPTICAL PROPERTIES OF YAIG—Nd**
CRYSTALS

The spectroscopic properties of YA1G—Na@**
crystals have been studied by Koningstein and
Geusic'™ and by Feofilov and co-workers.'®! The
American authors proposed a scheme for the crys-
tal splitting of certain terms and have given a
theoretical interpretation of this scheme. It was
assumed that the crystal electric field surround-
ing the Nd3* ion is tetragonal. Feofilov et a1.t8!
have used the results of a study of the infrared
luminescence of the Nd®* ion in Y3A15;045 to con-
struct a scheme of Stark levels of all of the terms
of the ground multiplet ‘I and the *F3/, term. The
data of these two studies differ somewhat, particu-
larly in the structure of the “l;3/, terms and in the
splitting of the ‘F3,, term. Koningstein and Geu-
sict™ find the splitting of the *Fy/; term at 300°K
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to be 88 cm™! and Feofilov et al.t8) report a value
of 8471,

Our spectroscopic studies of the stimulated ra-
diation have shown that laser action occurs in
YAIG—Nd*¥* crystals at a wavelength of 10 612 A
(9423 cm™Y) at 77°K and at 10 641 A (9398 cm™})
at room temperature. In comparing the results ob-
tained with the data of the studies cited above!” ®
we observed a certain discrepancy: the stimulated
transitions observed are not included in the level
schemes presented. The purpose of the spectro-
scopic studies described was to improve the accu-
racy of the results discussed above! " 81 and to ob-
tain the appropriate characteristics of YALG—Nd**
and YAIG—Cr¥*—Nd®* crystals, which are ex-
tremely important in the study of lasers.

Absorption spectra.

The broad-range absorption spectra of YAIG
crystals was studied in a SP-700 spectrophotome-
ter at 77 and 300° K over the frequency range
9000-42 000 cm ™, Figure 1la shows the absorption
spectrum obtained at 300°K from a YAIG crystal
containing about 0.5% of Nd%*, grown from solution
in a melt. Values of the peak absorption coeffi-

cients have been placed over some of the charac-
teristic lines. It can be seen that the most intense
bands lié in the region 12 000—20 000 cm™.,

In contrast to the absorption spectrum of
CaWO0,—Nd** crystals, which have been used to
make lasers with extremely low excitation thresh-
olds,[‘” a redistribution of the intensities of the
principal bands occurs in the absorption spectrum
of the YAIG—Nd** crystal. Thus, crystals of sche-
elite with Nd3* have a strong absorption at a wave-
length of ~5800 A Gy and *Ggy) which consid-
erably exceeds the absorption in the other bands.
In garnet crystals the infrared bands (4F5/2, 2Hyg /9,
4Fy/5, 83/2) are the most intense. This fact pro-
vides the possibility of efficient use of an incan-
descent tungsten lamp for excitation of a laser,[ 1
and also of successfully using selective sources of
infrared radiation (semiconductor lasers).

In this connection, in order to match the wave-
lengths emitted by semiconductor lasers with the
spectrum of a YAIG—Nd** crystal, we have shown
in Fig. 2 the detailed Stark structure of the infra-
red absorption bands corresponding to transitions
from the ground level %I, /2 to the components of
the terms 4F3/2 (11 450 cm™), 4F5/2, 2H9/2
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(12 600 cm™?), and 4F;/y, %S5/, (13 500 cm™). The
spectra were obtained in a DFS-12 diffraction
spectrometer with a 600 line/mm grating at tem-
peratures of 77 and 300° K by the method described
by Voron’ko et al.' %) we have listed in Table I
the peak absorption coefficients of the individual
Stark components for a YAIG specimen with a Na**
concentration of about 0.5%. It can be seen that
with reduction of the temperature the absorption
coefficients of some lines (transitions from the
ground level) increase sharply.

A detailed study of the structure of the ‘Fj/,
term also was made in a DFS-13 diffraction spec-
trograph (1200 line/mm grating) with a dispersion
of ~1.6 A /mm. According to our measurements,
the value of the splitting of the 4F3/2 term is
85 cm™! at 77°K and 84 cm™! at room tempera-
ture (the splitting values are given with an accu-
racy of 0.5 cm’l), which is very close to the
value given by Feofilov et al.td!

In addition to the principal lines, which are due
to transitions from the ground level, components
are observed in the spectra which correspond to
transitions from excited levels of the *I1,,, term.

Th1s is most easﬂy seen in the groups 419/2

— F3/2 and 19/2 — P1/2 (Fig. 3). At room tem-
perature the splitting of the lowest components of
the 419/2 term is respectively 133, 201, and

307 em™, and at 77° K, 134, 202, and 310 em™!

In order to improve the operating characteris-
tics of crystalline lasers, doubly activated media
have recently come into use. In particular, Cr®*
ions have been introduced in YAIG—Nd®* crystals
as a sensitizing additive. As we have mentioned
above, Kiss and Duncant? have described a laser
using YA1G—Cr¥*—Ng** crystals and have dis-
cussed the mechanism of energy transfer from the
Cr®* ions to the radiating Nd&** ions. Figure 1b
shows the absorption spectrum of a YAIG—Cr®*
Nd** obtained at 300°K in the SP-700 spectropho-
tometer. The concentrations of neodymium and
chromium were ~0.2%. As can be seen, the com-
bined spectrum is a superposition of the two spec-
tra. Cr®" ions in YAIG have two broad, intense
bands 4T1 (23 000 cm'l) and 4T2 (17 000 cm—l),
which give the crystal a greenish coloration.
Doubly activated YALG crystals utilize the radia-
tion from the excitation lamp more efficiently.
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Table I
A, A (v, cm™1) AE, cm™! K, cm! A, A(v, cm™) K, cm™
L, —+4Fy; T=T1° K Ly, =>4y, *Hy,; T=T1°K
9137 (10944) 0,15 8198 (12198) 0.37
9403 (10985) 0.16 8175 (12232) 0,54
9051 (11048) 0.7 8470 (12240) 0,29
8946 (11178) 0,35 8129 (12302) 1.2
8907 (11227) 0.2 8086 (12367) 20,5
8901 (11235) 0.17 8071 (12390) 1.5
8853 (11295) o09| 0.6 8060 (12407) 0.37
8840 (11312) ) 0.5 8046 (12428) 10,0
8787 (11380) 902 J 134 0.3 8042 (12435) b
3750 (11429) } 1341 5 8036 (12444) —
8685 (11514) } 12 8001 (12498) 1.3
a0 7986 (12522 .6
4y, = 4Fy,: T=300" X 7949 (12580; 16,7
9002 (11107) 0.1 7930 (12610) 7.5
8911 (11222) 0.37 7919 (12628) 7.4
— — 4, —4F, 85, T =11°
8857 (11290) ) 901 | 0.8 Loy, = oy, 88y, K
8844 (11306) ] 133 0,74 7782 (12850) 0.7
8792 (11374) 201 ¢ 0.27 7598 (13161) 0,33
8754 (11423) 133 ) 0.37 7560 (13227) 0.4
8690 (11507) 1.4 7519 (13300) 0.23
7483 (13364) 19,0
7465 (13396) -
7446 (13430) 2,3
7440 (13441) 0.86
7426 (13466) 0,18
7406 (13503) 0,17
7373 (13563) 45
. 7368 (13572) 10.5
7355 (13596) 11,6
7335 (13633) 9.2

Luminescence spectra

The complete luminescence spectrum corre-
sponding to transitions from levels of the *F, /2
term to components of the I ground multiplet
(0.85—2.2u) was studied by means of an IKS-12
infrared spectrometer whose detector utilized a
PbS photoconductive cell and a synchronously
phased detector. Figure 4 shows the luminescence
spectrum of a YAIG—Nd** crystal, obtained at
300° K. As a result of the fact that the intensity of
luminescence in the groups studied is different,
the spectrum has been recorded with difference
entrance slits and synchronous detector amplifi-
cation. Figure 4 shows the relative slit widths and
line intensities. As can be seen, the most intense
luminescence corresponds to the transition 4F3 /2
—*141/2-

A detailed study of the luminescence spectrum
corresponding to the transition 4F3 /2" 4Fn /2 was
made with the DFS-12 diffraction spectrometer at
77 and 300° K. The spectra obtained are shown in
Fig. 5. It can be seen that, as we go from room
temperature to 77°K, a redistribution of the inten-
sities of the individual components occurs, as well
as a small displacement of all the lines in the

short wavelength direction. The splitting of the
4Fy,/, term found in study of the absorption spec-
trum shows up well in the luminescence spectra.
The wavelengths of the lines of the luminescence
spectra of the 4F3/2 -4 Iy, transition are given

FIG. 3. Absorption spectra of a

crystal of Y, Al;0,,—Nd**(0.5%); lad s
transition *, ,, » *P, ,,. Spectrum 200 ~—
a—for 77°K, b—for 300°K. Jfﬂl-‘— /
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The widths of the luminescence lines for the
most intense lines in which emission was detected
are Av~ 1cm™! for Ag =10 612A (77°K) and
Av ~ 7.5 cm™ for Ay = 10 641 A (300° K), the sec-
ond case being the value for two lines which are
not resolved at 300° K.

It should be noted that in the study of the de-
tailed structure of the absorption and luminescence
spectra with high concentrations of Nd**, new lines
appear which are not included in the level scheme
which has been determined. This fact apparently
indicates that in garnet crystals with significant
concentrations of Nd** , new optical centers begin
to be formed with their own optical properties.

The lifetime of the 4F; /2 excited state of the
YA1G—Nd*¥* crystal was measured with the tech-
nique described by Kaminskil et al.'"! For crys-
tals with an Nd3* content of about 0.1% the lifetime

Table II

T =300° K T =171° K

A, A (v,cm™) AE, cm™ A, A (v,cm™)

10523 (9503)
10546 (9482)
10617 (9419)
10641 (9398)
10684 (9360)
10739 (9312)
10781 (9276)

10517 (9508)
10546 (9482)
10612 (9423)
10635 (9403)
10642 (9397) ) 85
10676 (9367) }

10732 (9318)
10774 (9282)
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T at 300 and 77°K is approximately the same and
equal to ~240 usec; for specimens with Nd3* con-
centrations of 0.5%, it is T & 220 ysec.

STIMULATED RADIATION
Pulsed operation

The laser employed a condenser of elliptical
cross section with a luminous efficiency of
~O.5,“2] at one focus of which was placed a type
IFP-800 pulsed xenon lamp. The lamp was sur-
rounded by a tubular filter of ZhS-17 glass. Water
flowed between the filter and the lamp. The work-
ing crystal was placed at the other focus. The op-
tical resonator consisted of spherical mirrors
with multilayer dielectric coverings, which were
arranged confocally. The transmission of the mir-
rors at a wavelength of 1.06u was ~0.7%. In
studying the emission at 77°K, the crystal, with
silver mirrors deposited on its end surfaces, was
placed in a tube-shaped Dewar vessel. The radia-
tion was detected through a liquid nitrogen layer
~40 mm thick.

The spectral composition of the stimulated ra-
diation was studied in spectrographs of type
DFS-13 (~1.6 A /mm) and PGS-2 (~7 A/mm). The
spectrum was photographed on I-1070 film. The
spectrum of iron in the third order was used as a

standard. A hollow-cathode lamp was used.
At room temperature the emission wavelength

of YAIG with an Nd3* concentration of 0.5% is

10 641 A (9398 cm™!), which is 7 A shorter than
the wavelength given by the American authors.'!?
At T7°K Ag = 10 612 A (9423 cm™!). Figure 6
shows the emission spectra for the two tempera-
tures.

The time characteristics of the radiation were
investigated by means of a photomultiplier with an
oxygen-cesium photocathode, the signal from which
was fed to a pulse oscillograph. With an excitation
energy three times the threshold value, the dura-
tion of the emission was ~300usec. The radiation
is in spikes.

At room temperature, garnet rods 18 mm long
and 2—4 mm in diameter began to emit at an exci-
tation energy of 6 joules. In the absence of a yel-
low filter the threshold was reduced to 3 joules.

It should be noted that the luminous column of the
excitation lamp was more than four times longer
than the crystal. The excitation threshold was re-
duced to 2 joules at 77° K.

Quasicontinuous operation

In the regime of long pulses considerably ex-
ceeding the lifetime of the excited state, we used

as an excitation source a pyrotechnic lamp con-
sisting of a quartz bulb inside which was mounted
a plate of a compressed mixture of pyrotechnic
composition. KClO, was used as an oxidizing agent
and zirconium as a combustible. A detailed de-
scription of the pyrotechnic lamps used is given
by Bodretsova et al 13!

The experiments on laser operation were per-
formed with crystals 5-18 mm long. In all cases
an external resonator was used, similar to that
described above. A crystal ~5 mm long began to
emit with a weight of the pyrotechnic charge of
~10 mg (plate dimensions 8 X 2 X 0.5 mm). For a
charge weight of ~100 mg the duration of the pulse
emission was ~10 msec. This indicates that the
emission is quasicontinuous, since the lifetime of
the %F3,, excited state of the Nd®* ion in YAIG is
50 times shorter. Experiments with pyrotechnic
excitation were performed only at 300° K.

Continuous operation

To obtain continuous radiation we used a YAIG
crystal ~35 mm long and ~ 3 mm in diameter with
an activator concentration of ~0.3%. An illumina-
tion chamber similar to that described by Kamin-
skii et al.'®’ was used as an excitation system. In
our experiments only the yellow filter surrounding
the working crystal was absent. As in the experi-
ments described above, the optical resonator was
produced by external spherical mirrors placed
confocally. With the illumination system used,
laser action at room temperature began at an in-
put power of 4.5 kW to the lamp. With the same
illumination system in the pulse regime of excita-
tion the threshold was about 1 joule. The width of
the emission line at 300°K was ~1 A (~0.9cm™.

The high excitation threshold in the continuous
regime is explained, first, by the poor matching of
the emission spectrum of the excitation source to
the most intense absorption bands of the YAIG—Nd3
crystal and, second, by the inadequate optical qual-
ity of the specimens and the non-optimum concen-

FIG. 6. Emission spectra of crystal of Y,Al, O,,—Nd**
(0.5%): a—for 300°K, b—for 77°K. EL—emission lines.
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tration of the activator.

CONCLUSION

On the basis -of the results of studies made of
the absorption, luminescence, and emission spec-
tra, we have constructed a level scheme for 77 and
300°K for the Nd* 4F3/2 and 4111/2 terms, which
take part directly in the stimulated emission
(Fig. 7). At room temperature the stimulated
transition connects the upper level of the 4F3/2
term and the 2110 cm™ level of the 4111/2 term.
At 77° K the emission corresponds to a transition
from the lower level of the 4F3/2 term to the
2006 cm™! level (4111/2). In Fig. 7 the stimulated
transitions are indicated by the heavy arrows.

The results on the study of the optical centers
of Nd*' in YsAl;0;, crystals will be published in
another paper.
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