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Abstract. Atwo-stageinfrared up-convertormadé@gGaSe  3-9 um range [10], respectively. Recently we built up a two-
and B-BBO crystals has been built up, that can up-converstage up-convertor which consists AfiGaSe and -BBO
the mid-infrared radiation ofLl1-16um into the 0.8-um  crystals. In the first stagdgGaSe, the MIR wave of the
range where the sensitive photomultiplier can be used. Thik1-16 um range was mixed with the pumping wave from an
up-convertor is pumped with a near-infrared radiation ofOPO in type | (0e>e), and up-converted into thk5-um
1.7-1.8 um wavelength range generated bp-8BO optical  range. In the second stageBBO, the up-converted wave
parametric oscillator. from the first stage was mixed with the pumping wave and up-
In this experiment, we also measured the o-ray refractiveonverted again into tH&8-umrange. The final up-converted
index of AgGaSe in the 11-16um mid-infrared range and radiation could be detected by a sensitive photomultiplier
extended the fitting range of the Sellmeier equation to théube (PMT). AB-BBO optical parametric oscillator (OPO)

16-wm wavelength range. which generates a NIR emission bf7—1.8 um was used as
pumping source for this up-convertor.
PACS: 42.65: 42.70 This two-stage up-convertor made AfGaSe/p-BBO

has a much wider up-conversion range, and a simpler
structure than those made of thgGaS/LilO3 [11,12],
Ag3AsSs/LilO 3, ZnGeR/LilO 3, andHgG&S,/LilO 3 [12].
Silver thiogallate crystalAgGa$S) and silver selenogallate In the AgGaSe stage, the OPO radiation (o-ray) and
crystal AgGaSe) with chalcopyrite structure (point group the generated up-converted wave (e-ray) have vertical and
42m) are very useful nonlinear optical elements used in thhorizontal polarization, respectively. When these two waves
near-infrared (NIR) to mid-infrared (MIR) range [1, 2]. Since reach the second stageBBO, the large birefringence of
the AgGa$S crystal has a cut-off wavelength of transmis- AgGaSe causes a big walk-off angle for the up-converted
sion atl3um, in the application of the parametric conversionbeam (e-ray) generated in this crystal. When both beams
for the wavelength longer thah3um we must choose the reach the second stage, the separation between them could be
AgGasSe crystal. It has an optical transmission over a rangeso large that they can not spatially overlap well under phase-
from 0.71 to18um. Recently, there has been an advancematching condition. This could be the main reason that the
in AgGaSe crystal fabrication, so the high conversion ef- type-Il (oe—e) process not be observed in the second stage in
ficiency, and large dimension for this crystal has becomehis work. In order to solve this problem, we used a scheme
available [3]. An energy conversion efficiency2if% for the  called polarization bypass. It will be discussed later.
second-harmonic generation o4, laser [4] and the dam- In this up-conversion experiment, we found that the meas-
age threshold.6 MW/cn? for a laser pulse [5] have been ured phase-matching angles for the wavelength longer than
reported. Many papers have been published concerning appli3.5 um were obviously different from those calculated with
cations of this crystal on the double frequency of CW [2] andhe Sellmeier equations given by Kidal et al. [13], Bhar [14],
pulsed [6]CO; lasers, wavelength-tunable optical parametricRoberts [15], and Harasaki et al. [16]. With the measured
oscillators (OPO) [7], and IR up-conversion [8]. external incident angle under phase-matching condition for
The IR up-conversion is a useful technique for infraredAgGaSe, we calculated thgGaSe refractive indices of o-
detection because it has fast-response and highly sensitivay in the11-16um range. Based on our data and Boyd et
characteristics at room temperature. We had &BO  al’s data [17], we propose an improved Sellmeier equation
crystal andAgGa$ crystal in IR up-conversion for the meas- of the o-ray refractive index foAgGaSe in the 0.85-16um
urement of IR spectroscopy in tie-3um range [9] and range.
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The setup of the two-stage up-convertor is schematically | 14472 15.9681

shown in Fig. 1. The measured MIR radiations were gener-
ated 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-doubledd:YAG pulsed laser. These IR am-
plified spontaneous emissions (ASE) are from the atomic
transitions of 8@2—7%/2’1/2, 7%/2’1/2—751/2, 6D5/2—7%/2,
6D3/2—7F§,/2’1/2, and 78/2’1/2—5D3/2’5/2, as shown in Fig. 2.
The potassium vapor which generated the IR emissions wag 0,6296%2 i
enclosed in a heat pipe [18] and heated to a temperature abouft 0.6310x2
370°C with 30-cm heated zone. Argon gas @f5 Torr was
used as a buffer gas in the heat pipe. The entrance window
of the heat pipe was quartz and the exit window @asSe
Typical operating parameters for the DCM dye laser tuned
to a wavelength 0629.6 nm or 6310 nm were 6 ns pulse
duration,10 mJpulse energy).2 cnt ! linewidth, and10 Hz 4S,,
repetition rate. The,dye laser be_am was focused by a lens 9?9.2. Partial energy level diagram of potassium showing the related pro-
100 cmfocal |ength Into a SpOt with a diameter@P5 mmat cesses in the experiment. All the Wave|er|gths argnn
the center of the heat pipe.

An OPO is composed of a resonant cavity made of two
parallel mirrors where &-BBO crystal (Fujian Institute of first stage and the other has linear horizontal polarization. The
Research on the Structure of Matter) locates in between. THatter passes through thgGaSe stage and is used as pump-
B-BBO crystal has dimensions of 2010x 10 mmwith a cut  ing wave for the second stage. This polarization bypass is
angle ofd = 30° and¢ = 0°. The OPO pumped by a triple- similar to that used in third-harmonic generation (THG) with
frequencyNd:YAG pulsed laser which ha®0 nspulse du- two identical KDP crystals [19]. Since the up-converted beam
ration, 43 mJpulse energy).25cnT?! linewidth, and10Hz  and the horizontally linear polarized OPO beam are both the
repetition rate. The two output beams of OPO, one of whicle-rays in theAgGaSe, both of them suffer from the same
is visible and the other is NIR, are wavelength tunable withwalk-off effect.
angle tuning of the crystal in the resonant cavity. The NIR  Since all the MIR emissions are stimulated by the dye
beam of1.7-1.8 um with 1 mm spot size,1.75 mraddiver-  laser, we can consider these IR emissions and the laser beam
gence angle, andl4 mJpulse energy, is used as the pumpingas collinear. It means that if we make the OPO and dye laser
source of up-conversion. In order to compensate the largaeams collinear, the OPO beam and the IR emissions can be
walk-off effect inAgGaSe as we mentioned before, we used considered to be collinear too. After the spatial overlap of
a circularly polarized pumping wave instead of a linearlythe MIR emissions and the OPO beam had been made, we
polarized wave. A Soleil-Babinet compensator (Mells Griotput a Ge plate behind the heat pipe to blockade the strong
Co.) was put in the NIR beam, which converted the polarDCM dye laser629.6 nm or 6310 nm and to transmit the
ization of the OPO beam from linear into circular. The NIR MIR emissions.
pumping beam and MIR radiations were collinearly incident The two crystals used in this two-stage up-convertor are:
upon the two-stage up-convertor withd& dichroic mirror. (i) AgGaSe crystal (EKSMA Co.) which has dimensions of
In order to ensure the temporal overlap of the OPO radiatiod0 x 10 x 10 mm with a cut angle of = 45.2°+0.1° and
and the MIR radiation in the crystals, a pulse delay generatat = 45°, and (ii) B-BBO crystal (Fujian Institute of Research
was used for the exact timing of the two YAG lasers, as showon the Structure of Matter) which hass« 10 x 6.9 mmwith
in Fig. 1. a cutangle ob =231°4+0.1° and¢ = 0°.

When the pumping wave enters tAgGaSe, as shown The spacing between thigGaSe andp-BBO stages is
in Fig. 3, it will be divided into two beams. One has linear5 mm and the optical axis planes of the two stages are per-
vertical polarization used as pumping wave (o-ray) for thependicular to each other. Both the crystals in this two-stage
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Fig. 3. The polarization diagram of the
Eo various beams.E; represents the po-
T larization of the measured MIR radia-
tion. Epe, Epv, and Epn represent the
\ \ circular, vertical, and horizontal polar-
En  Eu izations of OPO wave, respectivelig,;
and E,;, represent the polarizations of up-
AgGaSe, converted signals from the first stage and
Optical Axis two stages, respectively
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up-convertor were operated in type | (e@). The OPO beam that of type Il (oe>e). Therefore, in thi$-BBO stage the

and the measured MIR radiations were focused on the twavave-mixing of type | (oe>e) is much more effective.

stage up-convertor by a BK7 lens of focal leng@#0 mmand The MIR emissions in th&1-16m range from the ex-

a ZnSelens of focal lengthl70 mm respectively. The spot cited potassium atoms were up-converted with Ag&aSe/

size of the OPO beam lsmmon theAgGaSe surface andis B-BBO two-stage up-convertor into th@8-um range. The

1.35 mmon thep-BBO surface. The OPO wave intensities of measured signals from the first and the second stage are

vertical polarization and horizontal polarization are measuredhown in Figs. 5 and 6. We find that the signals from the two-

to bel.2 x 10° W/cn? at theAgGaSe and6.3 x 10°W/cn?  stage up-convertor have much higher signal-to-noise ratio

at the-BBO, respectively. The spot size of the MIR radiation than those from the first stage. The two-stage up-conversion

can be considered as the same as that of the dye laser, whidétection system appears more sensitive than the one-stage

is about0.9 mmon theAgGaSe. The divergence angle of the up-conversion detection system. With the same entrance and

MIR beam is3.5 mrad exit slit widths of monochromator, the ratio of the signal from
We took the Soleil-Babinet compensator off and put an IRhe two-stage up-convertor to that from one-stage is measured

polarizer behind the up-convertor to blockade the strong OP@ be~ 4. This ratio can be evaluated by

beam when the up-converted signal from the first stage was

measured with &e detector (Hamamatsu B1919-01). Then nEZRz _ ng R 1

we removed IR polarizer, put a band-pass filter behind the = ;PR — R 1)

up-convertor, and detected the final two-stage up-converted

signal with PMT (Hamamatsu R636). In all the measure-and

ments al-m monochromator (Spex 1704) with a grating of

600 [/mmwas used. = ninb

where R; and R, are the responsivities of the Ge detection
2 Results and discussion system and the PMT detection system, respectiw%lgndng

are the power efficiencies #&gGaSe andf-BBO crystals,
The propagations of various beams in the two-stage ugespectively. In this experiment, tHe, and R, were meas-
convertor are shown in Fig. 4. In thegGaSe stage, the ured to be4.8 x 107°V/W at1.57um and2.7 x 1072V /W
vertically polarized componerip, of the OPO beam and at 825nm respectively. Here all the effects of the detec-
MIR beamK;, are mixed in type | (0oe>€). In this process tion system on the responsivity have been included. By
the walk-off effect causes an angular deviation of the upusing the equation of conversion efficiency in the plane-
converted beam from its wave vector. As mentioned beforeyave approximation [20], theg, relating tow(1.57 wm) +
the influence of this walk-off effect on the up-conversion ofwp(1.74pm) — »(0.8253um) process inp-BBO, is cac-
the second stage can be compensated by the fact that thiated to be6.8x 10~3 at the pumping laser intensity
horizontally polarized OPO beam used as the pumping wavé.3 x 10° W/cn?. From (1) we obtain the ratio is 3.82,
in the second stage suffers from the same walk-off effectwhich agrees well with our measured ratio 4.
For instance, if thd.6.05-pum MIR emisson and th&.75-pum According to the noise theory of infrared detection by op-
OPO beam are collinearly incident upon thgGaSe stage, tical mixing [21], we estimated the noise-equivalent power
under phase-matching condition the external incident angleNEP) of two-stage up-conversion system. In this case the
is 6.9C°. In this case, according to our calculation, betweershot noise in dark current is considered to be the dominant
these two stages the angieand the separatioh between noise source in PMT, and the quantum efficiency for two-
the up-converted beark,; and the horizontally polarized stage up-convertor can be expressed as
OPO beanK, arex 5 x 10~° degree andv 6 um, respec-
tively, see Fig. 4. It means that the both beams are almosgt= 7173, 2)
collinear when they are incident upon theBBO. However,
the separatioll between the up-converted beaty and the wheren] and 3 are the quantum efficiencies &igGaSe
vertically polarized OPO bear, are~ 112um, which is  and p-BBO, respectively. For the wave-mixing process,
so large that th&,; and K,y can not spatially overlap well «(16.06pum) + wp(1.74pm) — »(1.57pm) in AgGaSe,
in p-BBO under phase-matching condition. Besides, calculatwe caculatedn‘f =47x10"2 at the pumping laser in-
ing the conversion efficiencies, we find that the conversiotensity 12x10PW/cm?. For the processw(1.57um) +
efficiency of power for type | (oe>e) is 30 times as large as wp(1.74um) — w(0.8253um) in B-BBO, we caculate@bg =
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AgGaSe crystal

3 -BBO crystal

Fig.4. The beam propagation digram
in the AgGaSe/f-BBO two-stage up-
convertor. Here th&, S, andE represent
g E, wave vector, Poynting vector and polar-
ITM T T ization, respectively. The subscripts pc,
L

K.

pv, and ph represent the circularly, ver-
tically, and horizontally polarized OPO
beams, respectively. The subscripts ir and
Lo ul represent the MIR radiation and the
" up-converted beam generated in the first
stage, respectively is the angle between
the Ky and Kpp. | is the distance from
the pointP to Ky, andl’ is the distance

U from the pointQ to Kpy

3.6 x 1073 at the pumping laser intensif3 x 10°W/cn?.  measured wavelengths of the both up-converted signals, and
The NEP of PMT (Hamamatsu R636) is taken to bethe related external incident angles on the both crystals are
3.7 x 100 ¥ W/Hz2. Thus we obtain the threshold of sensi- listed in Table 1, in which the errors in the measurements
tivity for the two-stage up-convertor in thHE6-um region is  of the external incident angles fdigGaSe andp-BBO are
~ 6.3 x 10- 11 W/HzY2, +0.5° and+0.05°, respectively.

We also noticed that some fine structures of MIR spectral This two-stage up-convertor can be easily used to meas-
lines can not be resolved. In this experiment the resolutionre the MIR radiations from1um to 16 um. Besides, since
of wavelength is mainly limited by the linewidtt~(2 nm)  the wavelengths of the resultant signals in the two-stage up-
of OPO wave. Those fine structures could be resolved if theonvertor are far from the wavelength of pumping wave, it
linewidth of OPO is less thaf.12 nm The calculated and becomes easier to filter against the strong pumping wave.
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Fig. 5. The spectra measured with one-stage and two-stage up-convertors as the potassium was excited on the 4S-8S two-photodppsopantis the
signals of the first stage and tlwver partis 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- photothmmmmrma
for the signals of theAgGaSe stage and théower partis for the signals of the two-stage up-convertor. When we measured the signals frémGaSe
stage, the Soleil-Babinet compensator was removed

In a type-l phase-matched configurationAffGaSe, as Based on our refractive-index data in the-16 um range
shown in Fig. 4, we have the following equations: listed in Table 2 and Boyd et al.’s data in tA€85-13.5um
range [17], we have the following improved Sellmeier equa-
K2 = K2+ KZ — 2Kp K cogm — 01 +65] , (3) tion
2 _ 2 B D
K =K it K 2KpVKu1C03q (4) n = A4 — + F)\.2+G)\4+ H)\G (6)

27n0, (Mg (M) ) /\2+C M2+E

M1/ NS, (M) SINOmIZ+ [NE; (1) COSOmI2 Here,

where Ki = 27n2() /i, Kpy = 2718,(0) /Ay, 61 = sin-1 A=6.85472, B=0.421498 C=-0.168867,
X[S|n0E/n ()\) andez — Sln—l S|n9E/n0 ()\) K )\ andn D=-0. 000872412 E= —278693, F= —000141&

represent wave vector, wavelength in free space, and refraG = 1.78628x 10°®; H = —5.78598x 107°,

tive index, respectively. Superscripts o and e denote ordinary

and extraordinary waves, respectively. Subscripts ir, pv, utvhere then, is the o-ray refractive index andis the wave-
denote the MIR radiation, vertically polarized OPO beamJength in um. The n2 curve is illustrated in Fig. 7. The
and the up-converted beam generated in Alg&aSe, re-  standard deviation ofi, given by (6) from the source data
spectively.q is the angle betweek,, and K. 6 is the is 3.5x 10~%. For comparison we calculated the o-ray re-
external angle under phase-matching condition. The phasfractive indices with the Sellmeier equations given by this
matching angl®y, = 62+ g+ 6c, in whichfc is the cut angle work and Harasaki et al.'s work [16]. The results are listed
of AgGaSe. With the measurements af, (= 1p), 6g, and in Table 3. The uncertainty of the refractive-index data is
Aut, as listed in Table 1, the refractive indices of o-rayfor ~ (£1 x 1073). Actually, our data agree well with Harasaki
AgGaSe in the 11-16 um range can be calculated with the et al.’s data for the wavelength shorter thE;5 um. How-
(3)—(5) and are listed in Table 2. The errors of the refractiveever, for the wavelength longer thatB8.5um the differ-
index data listed in Table 2 are caused by the following threence between our data and Harasaki et al.’s data increases
facts: (i) the resolution of the monochromator, (ii) the un-as the wavelength increases. According to the Harasaki et
certainty in cut angle, and (iii) the uncertainty in the meas-al’s equation, the calculated external incident angle under
urement of the external incident angle under phase-matchimghase matching isl.5° less than our measured value at
condition. 16pum.

Kur=
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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 thAgGaSe/B-BBO two-stage up-convertor under phase-matching condition of type |

pumping wavelength
in the up-conversion

IR wavelength predicted
from the related

up-converted signal wavelength
from the first stAg&aSe

up-converted signal wavelength

from the second stageBBO

external incident angle

process transition Auz (um) Auz (Nnm) (degree)
Ap (wm) Air (um) calculated measured calculated measured AgGaSe (k) B-BBO
1.7402+1x 104 15.9681 1.5691 1.5702+6x 10~* 825.1 8250+ 05 7.1+£05 4.984+0.05
6D3/2—7Py/2
16.0836 1.5702 8254
6D3/2—7F3/2
16.0904 1.5703 8254
6Ds/2—7F3)2
1.7507+1x 104 14.3788 1.5606 1.5616+4x10~* 825.1 8254+0.2 82+05 4.404+0.05
8S1,-7Py)2
14.4724 1.5617 8254
8S1,2—7Rs2
1.7670+1x 104 12.4981 1.5481 1.5486+4x10°* 825.1 8252+0.2 118+0.5 4.434+0.05
TP32—7S2
12.5688 1.5492 825.4
TPy =152
1.7813+1x 1074 11.2528 1.5378 15386+4x10°* 825.3 8256+1.2 160+0.5 4.58+0.05
7P3/2-5D3/2,5/2
11.3101 1.5389 825.6
7P1/2-5D3/25/2
n?2
This new expression can be applied in h@5-16.06um ¢4, _
wavelength range for o-ray. It gives more accurate re-
fractive indices than other equations given by [13-16]**[
in the 13-16um wavelength range. Since the azimuthals.oo _%
angle ¢ is 45° for our AgGaSe cutting, we havedege = 225y
7.50 |- %
Table 2. The MIR emissions and the corresponding o-ray refractive indices; ,5 [ |
measured in this experiment | %%K
7.00 L
IR wavelength predicted IR wavelength measured The o-ray refractive MM
from the related transition in this work index 8HGaSe 6.75 C MW*
(wm) (k) (£1x10°3) 650 | .-,
15.9681 16.06+7 x 1072 2.551 62sb— L 1L L1 L 11
0 2 4 6 8 10 12 14 16 18
6D3/2—7PFy/2 Wavelength (um)
16.0836 Fig.7. The refractive-index fitting curve of o-ray foAgGaSe. The
6D3/2—7P3/2 open diamond pointgre the experimental data reported by Boyd et al.
16.0904 (0.85-135um), and thesolid diamond pointsare the experimental data
652~ 7R 2 measured in this workl(l-16.06 um)
14.3788 14454+ 4% 1072 2.565
85y2-7hy2 dss Sin Ym cos 2 = 0 [20], and the wave mixing in type Il
14.4724 (oe—e) can not happen. So we can not do the same measure-
8S1/2-7Ry2 ment for the e-ray refractive index 8fgGaSe.
12.4981 1252+ 3x 1072 2.580
TP3/2~7S)2
12.5688 i
P75 3 Conclusion
11.2528 11.284+2x 102 2.587 )
7Py/2-5Ds /25,2 In this paper, we have presented a two-stage up-convertor
113101 made of AgGaSe and g-BBO crystals. In this two-stage

7P1/2-5D3/2.5/2

up-convertor, the influence of the walk-off effect in the
AgGaSe 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 etequation can be used in the transmission rangagidaSe

al. for comparison from 0.85umto 16.06 um.
Wavelength The O ray refractive index fABgGaSe A . . . .
. 3 A cknowledgementsThis project was supported by the National Science
(1em) from this work (£1x107%)  from Harasaki et al. [16] Council of the Republic of China under grant No. NSC 88-2112- 09-037.
11.0 2.589 2.589
115 2.586 2.586
12.0 2.583 2.583
125 2.580 2.580 References
13.0 2.577 2.577
13.5 2,573 2.573 1. P.Canarelli, Z.Benko, A.H.Hielscher, R.F.Curl, F.K. Tittel: IEEE
14.0 2.569 2.570 J. Quantum ElectrorQE-28, 52 (1992)
145 2.565 2.567 2. S.Y. Tochitsky, V.O. Petukhov, V.A. Gorobets, V.V. Churakov, V.N. Jaki-
15.0 2.561 2.563 movich: Appl. Opt.36, 1882 (1997)
155 2.557 2.559 . R.S. Feigelson, R.K. Route: J. Cryst. Growtd4, 789 (1990)
16.0 2.552 2.555 . D.A. Russell, R. Ebert: Appl. Op&2, 6638 (1993)
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almost compensated. This up-convertor can up-convert the7. _
8. G.C.Bhar, S. Das, R.K. Route, R.S. Feigelson: Appl. Phy&5,Bl71

MIR radiations of thell-16um wavelength range into
the 0.8-um wavelength range where the sensitive PMT can g

be used for detection. Using this two-stage up-convertorgg.

we measured almost all the ASE spectral lines in the

11-16 um range at room temperature as the potassium wagl.
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