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Abstract. A two-stage infrared up-convertor madeof AgGaSe2
and β-BBO crystals has been built up, that can up-convert
the mid-infrared radiation of 11–16 µm into the 0.8-µm
range where the sensitive photomultiplier can be used. This
up-convertor is pumped with a near-infrared radiation of
1.7–1.8 µm wavelength range generated by a β-BBO optical
parametric oscillator.
In this experiment, we also measured the o-ray refractive
index of AgGaSe2 in the 11–16 µm mid-infrared range and
extended the fitting range of the Sellmeier equation to the
16-µm wavelength range.
PACS: 42.65; 42.70

Silver thiogallate crystal (AgGaS2 ) and silver selenogallate
crystal (AgGaSe2) with chalcopyrite structure (point group
42m) are very useful nonlinear optical elements used in the
near-infrared (NIR) to mid-infrared (MIR) range [1, 2]. Since
the AgGaS2 crystal has a cut-off wavelength of transmission at 13 µm, in the application of the parametric conversion
for the wavelength longer than 13 µm we must choose the
AgGaSe2 crystal. It has an optical transmission over a range
from 0.71 to 18 µm. Recently, there has been an advance
in AgGaSe2 crystal fabrication, so the high conversion efficiency, and large dimension for this crystal has become
available [3]. An energy conversion efficiency of 21% for the
second-harmonic generation of a CO2 laser [4] and the damage threshold 16 MW/cm2 for a laser pulse [5] have been
reported. Many papers have been published concerning applications of this crystal on the double frequency of CW [2] and
pulsed [6] CO2 lasers, wavelength-tunable optical parametric
oscillators (OPO) [7], and IR up-conversion [8].
The IR up-conversion is a useful technique for infrared
detection because it has fast-response and highly sensitive
characteristics at room temperature. We had used β-BBO
crystal and AgGaS2 crystal in IR up-conversion for the measurement of IR spectroscopy in the 1–3 µm range [9] and

3–9 µm range [10], respectively. Recently we built up a twostage up-convertor which consists of AgGaSe2 and β-BBO
crystals. In the first stage AgGaSe2 , the MIR wave of the
11–16 µm range was mixed with the pumping wave from an
OPO in type I (oo→e), and up-converted into the 1.5-µm
range. In the second stage β-BBO, the up-converted wave
from the first stage was mixed with the pumping wave and upconverted again into the 0.8-µm range. The final up-converted
radiation could be detected by a sensitive photomultiplier
tube (PMT). A β-BBO optical parametric oscillator (OPO)
which generates a NIR emission of 1.7–1.8 µm was used as
pumping source for this up-convertor.
This two-stage up-convertor made of AgGaSe2 /β-BBO
has a much wider up-conversion range, and a simpler
structure than those made of the AgGaS2 /LiIO3 [11, 12],
Ag3 AsS3 /LiIO3 , ZnGeP2 /LiIO3 , and HgGa2 S4 /LiIO3 [12].
In the AgGaSe2 stage, the OPO radiation (o-ray) and
the generated up-converted wave (e-ray) have vertical and
horizontal polarization, respectively. When these two waves
reach the second stage β-BBO, the large birefringence of
AgGaSe2 causes a big walk-off angle for the up-converted
beam (e-ray) generated in this crystal. When both beams
reach the second stage, the separation between them could be
so large that they can not spatially overlap well under phasematching condition. This could be the main reason that the
type-II (oe→e) process not be observed in the second stage in
this work. In order to solve this problem, we used a scheme
called polarization bypass. It will be discussed later.
In this up-conversion experiment, we found that the measured phase-matching angles for the wavelength longer than
13.5 µm were obviously different from those calculated with
the Sellmeier equations given by Kidal et al. [13], Bhar [14],
Roberts [15], and Harasaki et al. [16]. With the measured
external incident angle under phase-matching condition for
AgGaSe2 , we calculated the AgGaSe2 refractive indices of oray in the 11–16 µm range. Based on our data and Boyd et
al.’s data [17], we propose an improved Sellmeier equation
of the o-ray refractive index for AgGaSe2 in the 0.85–16 µm
range.
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1 Experiment
The setup of the two-stage up-convertor 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, pumped
by a frequency-doubled Nd:YAG pulsed laser. These IR amplified spontaneous emissions (ASE) are from the atomic
transitions of 8S1/2 –7P3/2,1/2 , 7P3/2,1/2 –7S1/2 , 6D5/2 –7P3/2 ,
6D3/2 –7P3/2,1/2 , and 7P3/2,1/2 –5D3/2,5/2 , as shown in Fig. 2.
The potassium vapor which generated the IR emissions was
enclosed in a heat pipe [18] and heated to a temperature about
370 ◦ C with 30-cm heated zone. Argon gas of 2.5 Torr was
used as a buffer gas in the heat pipe. The entrance window
of the heat pipe was quartz and the exit window was ZnSe.
Typical operating parameters for the DCM dye laser tuned
to a wavelength of 629.6 nm or 631.0 nm were 6 ns pulse
duration, 10 mJ pulse energy, 0.2 cm−1 linewidth, 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.
An OPO is composed of a resonant cavity made of two
parallel mirrors where a β-BBO crystal (Fujian Institute of
Research on the Structure of Matter) locates in between. The
β-BBO crystal has dimensions of 10 × 10 × 10 mm with a cut
angle of θ = 30◦ and φ = 0◦ . The OPO pumped by a triplefrequency Nd:YAG pulsed laser which has 20 ns pulse duration, 43 mJ pulse energy, 0.25 cm−1 linewidth, and 10 Hz
repetition rate. The two output beams of OPO, one of which
is visible and the other is NIR, are wavelength tunable with
angle tuning of the crystal in the resonant cavity. The NIR
beam of 1.7–1.8 µm with 1 mm spot size, 1.75 mrad divergence angle, and 0.4 mJ pulse energy, is used as the pumping
source of up-conversion. In order to compensate the large
walk-off effect in AgGaSe2 as we mentioned before, we used
a circularly polarized pumping wave instead of a linearly
polarized wave. A Soleil-Babinet compensator (Mells Griot
Co.) was put in the NIR beam, which converted the polarization of the OPO beam from linear into circular. The NIR
pumping beam and MIR radiations were collinearly incident
upon the two-stage up-convertor with a 45◦ dichroic mirror.
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.
When the pumping wave enters the AgGaSe2 , as shown
in Fig. 3, it will be divided into two beams. One has linear
vertical polarization used as pumping wave (o-ray) for the

Fig. 2. Partial energy level diagram of potassium showing the related processes in the experiment. All the wavelengths are in µm

first stage and the other has linear horizontal polarization. The
latter passes through the AgGaSe2 stage and is used as pumping wave for the second stage. This polarization bypass is
similar to that used in third-harmonic generation (THG) with
two identical KDP crystals [19]. Since the up-converted beam
and the horizontally linear polarized OPO beam are both the
e-rays in the AgGaSe2 , both of them suffer from the same
walk-off effect.
Since all the MIR emissions are stimulated by the dye
laser, we can consider these IR emissions and the laser beam
as collinear. It means that if we make the OPO and dye laser
beams collinear, the OPO beam and the IR emissions can be
considered to be collinear too. After the spatial overlap of
the MIR emissions and the OPO beam had been made, we
put a Ge plate behind the heat pipe to blockade the strong
DCM dye laser 629.6 nm or 631.0 nm and to transmit the
MIR emissions.
The two crystals used in this two-stage up-convertor are:
(i) AgGaSe2 crystal (EKSMA Co.) which has dimensions of
10 × 10 × 10 mm with a cut angle of θ = 45.2◦ ± 0.1◦ and
φ = 45◦ , and (ii) β-BBO crystal (Fujian Institute of Research
on the Structure of Matter) which has 9.5 × 10 × 6.9 mm with
a cut angle of θ = 23.1◦ ± 0.1◦ and φ = 0◦ .
The spacing between the AgGaSe2 and β-BBO stages is
5 mm, and the optical axis planes of the two stages are perpendicular to each other. Both the crystals in this two-stage

Fig. 1. The setup diagram of two-stage
up-convertor system: 1) BK7 lens; 2) Ge
mirror; 3) ZnSe lens; 4) 45◦ dichroic mirror; 5) Colored glass filter; 6) BK7 lens;
7) IR polarizer or bandpass filter; 8) BK7
lens
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Fig. 3. The polarization diagram of the
various beams. E ir represents the polarization of the measured MIR radiation. E pc , E pv , and E ph represent the
circular, vertical, and horizontal polarizations of OPO wave, respectively. E u1
and E u2 represent the polarizations of upconverted signals from the first stage and
two stages, respectively

up-convertor were operated in type I (oo→e). The OPO beam
and the measured MIR radiations were focused on the twostage up-convertor by a BK7 lens of focal length 250 mm and
a ZnSe lens of focal length 170 mm, respectively. The spot
size of the OPO beam is 1 mm on the AgGaSe2 surface and is
1.35 mm on the β-BBO surface. The OPO wave intensities of
vertical polarization and horizontal polarization are measured
to be 1.2 × 106 W/cm2 at the AgGaSe2 and 6.3 × 105 W/cm2
at the β-BBO, respectively. The spot size of the MIR radiation
can be considered as the same as that of the dye laser, which
is about 0.9 mm on the AgGaSe2 . The divergence angle of the
MIR beam is 3.5 mrad.
We took the Soleil-Babinet compensator off and put an IR
polarizer behind the up-convertor to blockade the strong OPO
beam when the up-converted signal from the first stage was
measured with a Ge detector (Hamamatsu B1919-01). Then
we removed IR polarizer, put a band-pass filter behind the
up-convertor, and detected the final two-stage up-converted
signal with PMT (Hamamatsu R636). In all the measurements a 1-m monochromator (Spex 1704) with a grating of
600 l/mm was used.
2 Results and discussion
The propagations of various beams in the two-stage upconvertor are shown in Fig. 4. In the AgGaSe2 stage, the
vertically polarized component K pv of the OPO beam and
MIR beam K ir are mixed in type I (oo→e). In this process
the walk-off effect causes an angular deviation of the upconverted beam from its wave vector. As mentioned before,
the influence of this walk-off effect on the up-conversion of
the second stage can be compensated by the fact that the
horizontally polarized OPO beam used as the pumping wave
in the second stage suffers from the same walk-off effect.
For instance, if the 16.05-µm MIR emisson and the 1.75-µm
OPO beam are collinearly incident upon the AgGaSe2 stage,
under phase-matching condition the external incident angle
is 6.90◦ . In this case, according to our calculation, between
these two stages the angle δ and the separation l between
the up-converted beam K u1 and the horizontally polarized
OPO beam K ph are ≈ 5 × 10−5 degree and ≈ 6 µm, respectively, see Fig. 4. It means that the both beams are almost
collinear when they are incident upon the β-BBO. However,
the separation l 0 between the up-converted beam K u1 and the
vertically polarized OPO beam K pv are ≈ 112 µm, which is
so large that the K u1 and K pv can not spatially overlap well
in β-BBO under phase-matching condition. Besides, calculating the conversion efficiencies, we find that the conversion
efficiency of power for type I (oo→e) is 30 times as large as

that of type II (oe→e). Therefore, in this β-BBO stage the
wave-mixing of type I (oo→e) is much more effective.
The MIR emissions in the 11–16 µm range from the excited potassium atoms were up-converted with this AgGaSe2 /
β-BBO two-stage up-convertor into the 0.8-µm range. The
measured signals from the first and the second stage are
shown in Figs. 5 and 6. We find that the signals from the twostage up-convertor have much higher signal-to-noise ratio
than those from the first stage. The two-stage up-conversion
detection system appears more sensitive than the one-stage
up-conversion detection system. With the same entrance and
exit slit widths of monochromator, the ratio of the signal from
the two-stage up-convertor to that from one-stage is measured
to be ≈ 4. This ratio can be evaluated by
p

r=

p

η12 R2
η R2
= 2 ,
p
R1
η1 R1

(1)

and
p

p p

η12 = η1 η2 ,
where R1 and R2 are the responsivities of the Ge detection
p
p
system and the PMT detection system, respectively. η1 and η2
are the power efficiencies of AgGaSe2 and β-BBO crystals,
respectively. In this experiment, the R1 and R2 were measured to be 4.8 × 10−5 V/W at 1.57 µm and 2.7 × 10−2 V/W
at 825 nm, respectively. Here all the effects of the detection system on the responsivity have been included. By
using the equation of conversion efficiency in the planep
wave approximation [20], the η2 , relating to ω(1.57 µm) +
ωp (1.74 µm) → ω(0.8253 µm) process in β-BBO, is caculated to be 6.8 × 10−3 at the pumping laser intensity
6.3 × 105 W/cm2 . From (1) we obtain the ratio r is 3.82,
which agrees well with our measured ratio 4.
According to the noise theory of infrared detection by optical mixing [21], we estimated the noise-equivalent power
(NEP) of two-stage up-conversion system. In this case the
shot noise in dark current is considered to be the dominant
noise source in PMT, and the quantum efficiency for twostage up-convertor can be expressed as
q q

η = η1 η2 ,
q

(2)
q

where η1 and η2 are the quantum efficiencies of AgGaSe2
and β-BBO, respectively. For the wave-mixing process,
ω(16.06 µm) + ωp (1.74 µm) → ω(1.57 µm) in AgGaSe2 ,
q
we caculated η1 = 4.7 × 10−2 at the pumping laser in6
tensity 1.2×10 W/cm2 . For the process, ω(1.57 µm) +
q
ωp (1.74 µm) → ω(0.8253 µm) in β-BBO, we caculated η2 =
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Fig. 4. The beam propagation digram
in the AgGaSe2 /β-BBO two-stage upconvertor. Here the K, S, and E represent
wave vector, Poynting vector and polarization, respectively. The subscripts pc,
pv, and ph represent the circularly, vertically, and horizontally polarized OPO
beams, respectively. The subscripts ir and
u1 represent the MIR radiation and the
up-converted beam generated in the first
stage, respectively. δ is the angle between
the K u1 and K ph . l is the distance from
the point P to K u1 , and l0 is the distance
from the point Q to K pv

3.6 × 10−3 at the pumping laser intensity 6.3 × 105 W/cm2 .
The NEP of PMT (Hamamatsu R636) is taken to be
3.7 × 10−13 W/Hz1/2 . Thus we obtain the threshold of sensitivity for the two-stage up-convertor in the 16-µm region is
≈ 6.3 × 10−11 W/Hz1/2 .
We also noticed that some fine structures of MIR spectral
lines can not be resolved. In this experiment the resolution
of wavelength is mainly limited by the linewidth (≈ 2 nm)
of OPO wave. Those fine structures could be resolved if the
linewidth of OPO is less than 0.12 nm. The calculated and

measured wavelengths of the both up-converted signals, and
the related external incident angles on the both crystals are
listed in Table 1, in which the errors in the measurements
of the external incident angles for AgGaSe2 and β-BBO are
±0.5◦ and ±0.05◦ , respectively.
This two-stage up-convertor can be easily used to measure the MIR radiations from 11 µm to 16 µm. Besides, since
the wavelengths of the resultant signals in the two-stage upconvertor are far from the wavelength of pumping wave, it
becomes easier to filter against the strong pumping wave.

Fig. 5. The spectra measured with one-stage and two-stage up-convertors as the potassium was excited on the 4S-8S two-photon resonance. Upper part is the
signals of the first stage and the lower part is the signals of the two-stage up-convertor. When we measured the signals from the first stage, the Soleil-Babinet
compensator was removed
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Fig. 6. The spectra measured with one-stage and two-stage up-convertors as the potassium was excited on the 4S-6D two-photon resonance. Upper part is
for the signals of the AgGaSe2 stage and the lower part is for the signals of the two-stage up-convertor. When we measured the signals from the AgGaSe2
stage, the Soleil-Babinet compensator was removed

In a type-I phase-matched configuration of AgGaSe2 , as
shown in Fig. 4, we have the following equations:
2
2
K u1
= K pv
+ K ir2 − 2K pv K ir cos[π − θ1 + θ2] ,

(3)

2
2
= K u1
+ K pv
− 2K pv K u1 cos q ,
2πn ou1 (λ)n eu1 (λ)
p o
K u1 =
λu1 [n u1 (λ) sin θm ]2 + [n eu1 (λ) cos θm ]2

(4)

K ir2

,

(5)

where K ir = 2πn oir (λ)/λir , K pv = 2πn opv (λ)/λpv , θ1 = sin−1
×[sin θE /n oir (λ)], and θ2 = sin−1 [sin θE /n opv (λ)]. K , λ, and n
represent wave vector, wavelength in free space, and refractive index, respectively. Superscripts o and e denote ordinary
and extraordinary waves, respectively. Subscripts ir, pv, u1
denote the MIR radiation, vertically polarized OPO beam,
and the up-converted beam generated in the AgGaSe2 , respectively. q is the angle between K pv and K u1 . θE is the
external angle under phase-matching condition. The phasematching angle θm = θ2 + q + θC , in which θC is the cut angle
of AgGaSe2 . With the measurements of λpv (= λp ), θE , and
λu1 , as listed in Table 1, the refractive indices of o-ray n o for
AgGaSe2 in the 11–16 µm range can be calculated with the
(3)–(5) and are listed in Table 2. The errors of the refractiveindex data listed in Table 2 are caused by the following three
facts: (i) the resolution of the monochromator, (ii) the uncertainty in cut angle, and (iii) the uncertainty in the measurement of the external incident angle under phase-matching
condition.

Based on our refractive-index data in the 11–16 µm range
listed in Table 2 and Boyd et al.’s data in the 0.85–13.5 µm
range [17], we have the following improved Sellmeier equation
n 2o = A +

B
λ2 + C

+

D
λ2 +

E

+ Fλ2 + Gλ4 + Hλ6 .

(6)

Here,
A = 6.85472 ; B = 0.421498 ; C = −0.168867 ;
D = −0.000872412 ; E = −2.78693 ; F = −0.001416 ;
G = 1.78628 × 10−6 ;

H = −5.78598 × 10−9 ,

where the n o is the o-ray refractive index and λ is the wavelength in µm. The n 2o curve is illustrated in Fig. 7. The
standard deviation of n o given by (6) from the source data
is 3.5 × 10−4. For comparison we calculated the o-ray refractive indices with the Sellmeier equations given by this
work and Harasaki et al.’s work [16]. The results are listed
in Table 3. The uncertainty of the refractive-index data is
(±1 × 10−3). Actually, our data agree well with Harasaki
et al.’s data for the wavelength shorter than 13.5 µm. However, for the wavelength longer than 13.5 µm the difference between our data and Harasaki et al.’s data increases
as the wavelength increases. According to the Harasaki et
al.’s equation, the calculated external incident angle under
phase matching is 1.5◦ less than our measured value at
16 µm.
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Table 1. The wavelengths of pumping waves, MIR emissions expected to be observed, calculated and measured up-converted signals, and external incident
angles of crystals in the AgGaSe2 /β-BBO two-stage up-convertor under phase-matching condition of type I
pumping wavelength
in the up-conversion
process
λp (µm)

IR wavelength predicted
from the related
transition
λir (µm)

1.7402 ± 1 × 10−4

15.9681
6D3/2 –7P1/2

1.5691

16.0836
6D3/2 –7P3/2

1.5702

825.4

16.0904
6D5/2 –7P3/2

1.5703

825.4

14.3788
8S1/2 –7P1/2

1.5606

14.4724
8S1/2 –7P3/2

1.5617

12.4981
7P3/2 –7S1/2

1.5481

12.5688
7P1/2 –7S1/2

1.5492

11.2528
7P3/2 –5D3/2,5/2

1.5378

11.3101
7P1/2 –5D3/2,5/2

1.5389

1.7507 ± 1 × 10−4

1.7670 ± 1 × 10−4

1.7813 ± 1 × 10−4

up-converted signal wavelength
from the first stage AgGaSe2
λu1 (µm)
calculated
measured
1.5702 ± 6 × 10−4

1.5616 ± 4 × 10−4

up-converted signal wavelength
from the second stage β-BBO
λu2 (nm)
calculated
measured
825.1

825.1

external incident angle
(degree)
AgGaSe2 (θE )
β-BBO

825.0 ± 0.5

7.1 ± 0.5

4.98 ± 0.05

825.4 ± 0.2

8.2 ± 0.5

4.40 ± 0.05

825.2 ± 0.2

11.8 ± 0.5

4.43 ± 0.05

825.6 ± 1.2

16.0 ± 0.5

4.58 ± 0.05

825.4
1.5486 ± 4 × 10−4

825.1
825.4

1.5386 ± 4 × 10−4

825.3
825.6

This new expression can be applied in the 0.85–16.06 µm
wavelength range for o-ray. It gives more accurate refractive indices than other equations given by [13–16]
in the 13–16 µm wavelength range. Since the azimuthal
angle φ is 45◦ for our AgGaSe2 cutting, we have deoe =
Table 2. The MIR emissions and the corresponding o-ray refractive indices
measured in this experiment
IR wavelength predicted IR wavelength measured The o-ray refractive
from the related transition
in this work
index of AgGaSe2
(µm)
(µm)
( ± 1 × 10−3 )
15.9681
6D3/2 –7P1/2

16.06 ± 7 × 10−2

2.551

16.0836
6D3/2 –7P3/2

Fig. 7. The refractive-index fitting curve of o-ray for AgGaSe2 . The
open diamond points are the experimental data reported by Boyd et al.
(0.85–13.5 µm), and the solid diamond points are the experimental data
measured in this work (11–16.06 µm)

16.0904
6D5/2 –7P3/2
14.3788
8S1/2 –7P1/2

14.45 ± 4 × 10−2

2.565

d36 sin 2θm cos 2ϕ = 0 [20], and the wave mixing in type II
(oe→e) can not happen. So we can not do the same measurement for the e-ray refractive index of AgGaSe2 .

14.4724
8S1/2 –7P3/2
12.4981
7P3/2 –7S1/2

12.52 ± 3 × 10−2

2.580

12.5688
7P1/2 –7S1/2
11.2528
7P3/2 –5D3/2,5/2
11.3101
7P1/2 –5D3/2,5/2

3 Conclusion
11.28 ± 2 × 10−2

2.587

In this paper, we have presented a two-stage up-convertor
made of AgGaSe2 and β-BBO crystals. In this two-stage
up-convertor, the influence of the walk-off effect in the
AgGaSe2 on the up-conversion of the second stage can be
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Table 3. The refractive indices of o-ray given by our work and Harasaki et
al. for comparison
Wavelength
(µm)
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0

The O ray refractive index for AgGaSe2
from this work ( ± 1 × 10−3 )
from Harasaki et al. [16]
2.589
2.586
2.583
2.580
2.577
2.573
2.569
2.565
2.561
2.557
2.552

2.589
2.586
2.583
2.580
2.577
2.573
2.570
2.567
2.563
2.559
2.555

almost compensated. This up-convertor can up-convert the
MIR radiations of the 11–16 µm wavelength range into
the 0.8-µm wavelength range where the sensitive PMT can
be used for detection. Using this two-stage up-convertor,
we measured almost all the ASE spectral lines in the
11–16 µm range at room temperature as the potassium was
excited on the 4S–8S and 4S–6D two-photon resonances,
except two spectral lines 13.68 µm and 13.70 µm which
correspond to the transitions 4F5/2,7/2 –4D5/2 and 4F5/2,7/2 –
4D3/2 . Compared with the one-stage up-conversion detection system, the two-stage up-conversion detection system
appears to be much more sensitive, has a much better
SNR, and is easier to filter against the strong pumping
wave.
We also calculated the refractive indices of o-ray for
AgGaSe2 from the measurements of the phase-matching angles. Based on our experimental data and Boyd et al.’s data,
we extend the Sellmeier equation for the o-ray refractive index to the 16-µm wavelength range. The improved Sellmeier

equation can be used in the transmission range of AgGaSe2
from 0.85 µm to 16.06 µm.
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