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Abstract

The refractive index of AgGaSe, for extraordinary ray in the 11-16 um mid-infrared range was measured and an
improved Sellmeier equation from 0.85 to the 16 pum wavelength range is proposed.

In this experiment, the mid-infrared radiations of the 11-16 pm wavelength range were mixed with a near-infrared
radiation of the 1.7-1.8 pm wavelength range in AgGaSe;, crystal in type II. With the measurement of phase-matching
angles the refractive index for extraordinary ray was calculated. The near-infrared radiation was produced by a f-BBO
optical parametric oscillator. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 42.65; 42.70
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1. Introduction

Silver thiogallate crystal (AgGaSe,) is a very
useful nonlinear optical material in a wide infrared
range from 0.71 to 18 pm, in which it is trans-
parent. Recently, many papers concerning the
applications of this crystal on the frequency dou-
bling of the CW [1] and pulsed [2,3] CO, laser,
optical parametric oscillator (OPO) [4,5], differ-
ence-frequency generation [6,7], and IR conversion
[8] have been reported.

In our previous work [9], we did an up-con-
version experiment, in which mid-infrared radia-
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tions of the 11-16 um wavelength range were
mixed with a near-infrared radiation in AgGaSe,
crystal in type I. We found that the measured
phase-matching angles for the wavelength longer
than 13.5 um were obviously different from those
calculated with the Sellmeier equations given by
Kidal and Mikkelsen [10], Bhar [11], Roberts [12]
and Harasaki and Kato [13]. With the measured
phase-matching angles we calculated the refractive
indices of o-ray in the 11-16 pm wavelength range.
Combining our results with the Boyd et al.’s data
[14] in the 0.85-11 pm wavelength range, we pro-
posed an improved Sellmeier equation for the
o-ray refractive index of AgGaSe, in the 0.85-
16 um range [9]. Unfortunately, in that experiment
we could not do a similar measurement in type
IT phase matching due to the special cutting of
the AgGaSe, crystal. So we could not check the
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refractive index of e-ray in the 11-16 pym wave-
length range.

In this experiment, using another AgGaSe,
crystal with different cutting, we measured the type
Il phase-matching angles in the 11-16 pm wave-
length range and calculated the refractive indi-
ces of e-ray. In the same way as we did in Ref.
[9], we proposed an improved Sellmeier equation
of the e-ray refractive index in the 0.85-16 pm
range.

2. Experiment

The setup of this experiment is schematically
shown in Fig. 1. The measured MIR radiations
were generated by the potassium vapor excited on
the 4S-8S or 4S-6D two-photon resonance with a
pulsed DCM dye laser (Quanta Ray, PDL-1),
pumped by a frequency-doubled Nd:YAG pulsed
laser (Continuum, Surelite II). These MIR radia-
tions are the amplified spontaneous emissions
(ASEs) from the atomic transitions of 8S;,—
7P1/2‘3/2 (143788 pm, 14.4724 pm), 7P3/2‘1/2f751/2
(12.4981 pm, 12.5688 um), 6Ds,—7P3,, (16.0904
pm), 6Ds3,—7Py/53,, (15.9681 pm, 16.0836 pm),
and 7P3/2A1/2—5D3/215/2 (112528 pm, 11.3101 um),
as shown in Fig. 2. The potassium vapor, which
generated the MIR emissions, was enclosed in
a heat pipe and heated to a temperature about
430°C with 30 cm heated zone. Argon gas of 6.5
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Fig. 2. Partial energy level diagram of potassium showing the
related processes in the experiment. All the wavelengths are in
pm.

Torr was used as a buffer gas in heat pipe. The
entrance window of heat pipe was quartz and
the exit window was ZnSe, which can transmit the
MIR radiation. Typical operating parameters for
the DCM dye laser tuned to a wavelength of 629.6
or 631.0 nm were 6 ns pulse duration, 10 mJ pulse
energy, 0.2 cm™! line width, and 10 Hz repetition
rate. The dye laser beam was focused by a lens of
100 cm focal length into a spot with a diameter of
0.25 mm at the center of the heat pipe. We put a

AgGaSe, ml—
532 nm 1 Heat Pipe 203 4/ Clrita; |5 \
Nd:YAG Laser ‘ 1 L] | ()-> Monochromator
6 ns
1
Nd:YAG Laser | 355 nm Soleil-Babinet
20 ns OPO system Compensator
Trig out Trig out
Digital Delay
Generator Trig out Boxcar

Fig. 1. The setup diagram of this experiment: (1) BK7 lens, (2) Ge mirror, (3) ZnSe lens, (4) 45° dichroic mirror, (5) IR polarizer.
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Ge plate behind the heat pipe to blockade the
strong DCM dye laser and to transmit the MIR
emissions. Since all the MIR emissions were
stimulated by the dye laser, we could consider
these MIR emissions and the laser beam as col-
linear. The spot size of the MIR radiation could be
considered as same as that of the dye laser, which
was about 0.9 mm on the AgGaSe,. The MIR
emissions polarized in the crystal principal plane
are considered as the extraordinary ray. Here the
principal plane is defined as the plane containing
the optical axis of crystal and the wave vector of
incident beam.

The B-BBO OPO was pumped by a triple-fre-
quency Nd:YAG pulsed laser (Lumonics, HY750)
which had 20 ns pulse duration, 43 mJ pulse en-
ergy, 0.25 cm™! line width, and 10 Hz repetition
rate. The NIR beam of 1.7-1.8 um from the OPO
was used as pumping source for the sum-frequency
process and had 1 mm spot size and 0.37 mJ pulse
energy on the AgGaSe, surface. A Soleil-Babinet
compensator (Mells Griot Co.) was put in the NIR
beam, which converted the polarization of the
OPO beam from parallel into perpendicular to the
crystal principal plane. The NIR beam was used as
o-ray in the sum-frequency process. The NIR
beam from OPO and MIR radiations from heat
pipe were focused by a BK7 lens of focal length
250 mm and a ZnSe lens of focal length 170 mm
respectively, combined together with a 45° dichroic
mirror and incident upon the AgGaSe, crystal.

In order to ensure the temporal overlap of the
OPO radiation and the MIR radiation in the
crystals, a pulse delay generator was used for
the exact timing of the two YAG lasers, as shown
in Fig. 1.

The AgGaSe, crystal, supplied by Physics In-
stitute of the Chinese Academy of Sciences, had
dimensions of 7 x 10 x 10 mm? with a cut angle of
0 =54.4°+0.1° and ¢ = 0°. This cut angle was
checked with sum frequency in type I (oe — e) by
using the 10.5910 pm CO, laser (Edinburgh, PL2)
and 1.7850 um OPO.

We put an IR polarizer behind the AgGaSe,
crystal to blockade the strong OPO beam when the
up-converted signal from crystal was measured
with a Ge detector (Hamamatsu B1919-01). In all
the wavelength measurements a 1 m monochro-

mator (Spex 1704) with a grating of 600 Ins/mm
was used.

3. Results and discussion

The propagations of the OPO beam and MIR
beam in the crystal are shown in Fig. 3. The
both beams are mixed in type II (e + 0 — e). The
OPO beam is o-ray and the MIR beam is e-ray in
crystal. The measured signals from the AgGaSe,
crystal and the related external angles are shown in
Fig. 4 and Table 1. If the phase-matching angle is
smaller than the cut angle, the minus sign of inci-
dent angle is used in Table 1, otherwise the plus
sign is used. No matter the external angle is minus
or plus, we have the following equations

K; = K; + K;; — 2K, K cos[n — 0, + 0,] (1)
K = K; + K, — 2K,K, cos g (2)
K, = 2mny (A)ng (£) 3)

Fur/Im9(2) sin O, + [ (2) cos 0,

AgGaSe, crystal

optical axis

Fig. 3. The beam propagation diagram in the AgGaSe, crystal.
Here the K represents wave vector. The subscripts p, ir, and u
represent the OPO beam, MIR radiation and the up-converted
beam generated in the AgGaSe,, respectively. 6, is the angle
between MIR radiation and the normal line of crystal. 0, is the
angle between OPO beam and the normal line of crystal.
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Fig. 4. The spectra measured with sum-frequency process in AgGaSe, as the potassium was excited on the (a) 45-8S (b) 4S-6D two-
photon resonance. Here the wavelength of pumping source in up-conversion process Z,(1/w,) is 1.7870 pm.

Kir = 27‘6713(/17 Hir)/)hir

B Jic/ [12.(2) Zlne(]?ig)(ﬂ) cos 0y’ @
K, = 2mn%(2) /2 (5)
0, = sin"'[sin 0 /nS (4, 0;r)] (6)
0, = sin”"[sin O /n3(1))] (7)

K, Z, and n represent the wave vector, wavelength
in free space, and refractive index, respectively.

Superscripts o and e denote ordinary and ex-
traordinary waves, respectively. Subscripts ir, p,
and u denote the MIR radiation, OPO beam, and
the up-converted beam generated in the AgGaSe;,
respectively. ¢ is the angle between K, and K,,. 0 is
the incident angle under phase-matching condi-
tion. The phase-matching angles for the MIR ra-
diation and the up-converted signal in crystal are
0, and 0,, respectively. The phase-matching angle
can be expressed as 0, = 0.+ 0, and 0, = 0.+
0, 4+ ¢, in which 0, is the cut angle of AgGaSe,.
With the measurements of 0g, Z,, and A,, as shown
in Table 1, the refractive indices of e-ray x5.(1) for
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Table 1

The wavelengths of MIR emissions expected to be observed, calculated and measured sum-frequency signals, and external incident
angles of AgGaSe, crystal under phase-matching condition of type II

MIR wavelength predicted

Up-converted signal wavelength from the AgGaSe, 4, (um)

External incident angle

from the related transition (deg)

Jir (pm) Calculated Measured AgGaSe, (0p)
15.9681 1.5909 1.5916 £6 x 107* —6.75+£0.5
6D;/>—TP1 )

16.0836 1.5920

6D3/2*7P3/2

16.0904 1.5921

6D5/277P3/2

14.3788 1.5736 1.5740£6 x 107* —4.05+£0.5
881/2*7P1/2

14.4724 1.5747

88]/2*7133/2

12.4981 1.5481 1.5484 £6 x 1074 2.83+0.5
7P3/2—7S1/2

12.5688 1.5492

TPy 2=T7S1 2

11.2528 1.5271 1.5272£6 x 1074 10.83 £0.5
TP3/2=-5D3)25)2

11.3101 1.5282

TP1/2-5D3)25)2

Here the wavelength of pumping source in the sum-frequency process, 4,, is 1.7670 um.

Table 2
The MIR emissions and the corresponding e-ray refractive in-
dices measured in this experiment

IR wavelength
predicted from
the related

transition (um)

15.9681
6D3/277P1/2
16.0836
6D3/277P3/2
16.0904
6D5/277P3/2
14.3788
8S1/—7Py >
14.4724
851/2*71)3/2
12.4981
TP3/,=7S1 >
12.5688
TP1/2=7S1,2
11.2528
TP3/,—5D3/35/2
11.3101
TP1/2-5D3)252

IR wavelength
measured in
this work (um)

The e-ray re-
fractive index of
AgGaSe,

(£1.2 x 1073)

16.03£5x 1072 2.517

14.41+£4 x 1072 2.532

12.51+£3 x 1072 2.546

112542 x 1072 2.554

AgGaSe, in the 11-16 um range are calculated
with Eqgs. (1)-(7) and listed in Table 2. Notice that
the n{ (1) in Eq. (4) is calculated with the following
refractive-index Sellmeier equation for o-ray [9]
A+C I +E
A =6.85472, B=0.421498,
C = —-0.168867, D= —0.000872412,
E=-278693, F=-0.001416,

G=178628x 10°, H=-578598 x 10°  (8)

+F2+ G+ HA®

The error of the e-ray refractive-index data listed
in Table 2 are caused by the following facts: (i) the
resolution of the monochromator, (ii) the uncer-
tainty in cut angle, (iii) the uncertainty in the
measurement of the external incident angle under
phase-matching condition, and (iv) the uncertainty
of the o-ray refractive-index data [9].

Based on our e-ray refractive-index data in the
11-16 pum range listed in Table 2 and Boyd et al.’s
data in the 0.85-13.5 um range [14], we have the
following improved Sellmeier equation
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B

2 _ D 2 14 .6 Table 3
ne = A+ )2 +C + )2 +E +FAZ+GA+HA The refractive indices of e-ray given by our work and Harasaki

and Kato for comparison
A =6.68337, B=045172, C =-0.214541,

A Wavelength The e-ray refractive index for AgGaSe,
D = —-5.60471 x 1077, E = —2.67865, (hm) From this work From Ref. [13]
F = —1.40695 x 107*, G = 1.88507 x 10°°, (1.2 x 107

_ 9 11.0 2.556 2.556
H = —6.55916 x 10 ©) 11.5 2.553 2.553
12.0 2.550 2.550
where the n, is the e-ray refractive index and / is 12.5 2.547 2.547
the wavelength in pm. The »2 curve is illustrated in 130 2.343 2.543
i he standard deviation of iven by E 135 200 2590
Fig. 5. The standar ' Ne g y Eq. 14.0 3536 3537
(9) from the source data is 2.8 x 10™*. For com- 14.5 2.532 2533
parison we calculated the e-ray refractive indices 15.0 2.528 2.529
with the Sellmeier equations given by this work 15.5 2.523 2.526
16.0 2.518 2.522

and Harasaki and Kato’s work [13]. The results

8.00 =

775 =

750 =

725 =

7.00 =

6.75 =

6.50 =

Wavelength (um)

Fig. 5. The refractive-index fitting curve of e-ray for AgGaSe,. The open diamond points are the experimental data reported by Boyd
et al. (0.85-13.5 um), and the solid diamond points are the experimental data measured in this work (11-16.03 pm).
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are listed in Table 3. The uncertainty of the re-
fractive-index data in this work is 1.2 x 1073, It
can be seen that our data agree well with Harasaki
and Kato’s data for the wavelength shorter than
13.5 um. However, for the wavelength longer than
13.5 pm the difference between our data and Ha-
rasaki and Kato’s data grows up as the wavelength
increases. According to the Harasaki and Kato’s
equation, the calculated external incident angle
under phase matching is 2.3° larger than our
measured value 6.75° at 16 um.

This new expression (9) can be applied in the
0.85-16.03 um wavelength range for e-ray. The
two improved Sellmeier equations (8) and (9) give
more accurate refractive indices than those given
by Refs. [10-13] in the 13-16 um.

4. Conclusion

In this paper, we have described a sum-fre-
quency experiment with AgGaSe, crystal in type 11
configuration. Using this crystal, we measured al-
most all the ASE spectral lines in the 11-16 pm
range at room temperature as the potassium was
excited on the 4S-8S and 4S-6D two-photon reso-
nances. We calculated the refractive indices of
e-ray for AgGaSe, from the measurements of the
phase-matching angles. Based on our experimental
data and Boyd et al.’s data, we extend the Sell-
meier equation for the e-ray refractive index to the
16 pm wavelength range. Combining this new
equation with our o-ray refractive-index equation
published before, these two improved Sellmeier

equations can be used in the transmission range of
AgGaSe, from 0.85 to 16 pm.
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