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Abstract. Fourth-harmonic conversion of @55um CO, AgGaSe (AGS) crystal, whereas in [5], it was shown that
laser t02.38um has been studied experimentally by usingtandemzZnGeR (ZGP) crystals were used to convert a pas-
tandemAgGaSe andZnGeR crystals. Up t&24 mJper pulse  sively mode-lockedCO;, laser t02.4um in two SHG steps

of 2.38-pm radiation at al0% overall conversion efficiency (9.5um to 4.75um to 2.38um). Although high efficiency
has been achieved with a mode-locked pulse format. A conwas achieved in both cases, the relatively low laser damage
puter model was also developed and its predictions are ithreshold(~ 2 J/cn?) still limits the reliability and perform-

reasonable agreement with our experimental data. ance of these devices. In a tandem crystal arrangement for
generating?2.38-um radiation, the damage is most likely to
PACS: 42.65 Ky occur at the first crystal where the incident energy is great-

est and high efficiency is still required. In the present paper,
we demonstrate a tandem AGESSP mixed-crystal arrange-
There is a great deal of interest in eyesafe laser radamentto optimize the generation@D, fourth-harmoniclight
The eyesafe wavelength range extends from about 1.5 foy two-step SHG. AGS was chosen as the medium for the
2.6 um where the maximum permissible laser fluence expofirst SHG step because of its very |d55um absorption
sure (MPE) to the human eye is ab@ut—1 Jcn? [1]. This  as compared with that of ZGP. The output energy of the first
is about five orders of magnitude greater than the MPE aBHG step is maximized, rather than the conversion efficiency,
1.06pum and about one to two orders of magnitude greateby employing as large an incident beam radius as would fit
than thel0-um MPE [1]. Portions of the eyesafe wave- within the first crystal cross section. This results in negligible
length range (e.g., 1.52 tb.72um and 2.08 to2.44um)  damage to the first crystal at the expense of a modest reduc-
also coincide, fortuitously, with the earth’s atmospheric transtion in efficiency. To date, thousands of laser shots have been
mission windows, allowing efficient laser propagation overput on both crystals.
many-kilometer air paths [2]. Fixed-wavelength laser radars The two-step SHG generation 2f38-.um light was mod-
are being considered for ranging and imaging remote obkeled using known properties of both crystals. The model cal-
jects [3]. Imaging remote objects can be accomplished bgulations are shown to be in reasonable agreement with the
using a mode-locked laser temporal format. In this report, wexperimental data.
describe a mode-locke2l38-um source generated by two-
step harmonic conversion of @0, laser that could be used
for these applications. By comparison, it is well known thatl Experiment
the HF laser wavelength emitting at 2.73& um is strongly
absorbed in the atmosphere and cannot propagate any usefuschematic layout of the two-step SHG source is shown in
distance. Fig. 1. A repetitively pulse€O, TEA laser [6] was modified
Previous reports [4, 5] have shown that efficient secondfor the harmonic conversion studies reported here. A master
and fourth-harmonic conversion GO, lasers can be achieved oscillator power amplifier (MOPA) configuration was inte-
using a mode-locked transverse excitation, atmospheric pregrated into the large gain volumg@ cmx 4 cmx 134 cm)
sure (TEA) laser. The high efficiency is due in part to theof the CO, laser discharge described in [6]. The master os-
short-pulse, high-intensity format available from a mode-illator (MO) and power amplifier (PA) gain volumes were
locked source. Mode-locked temporal pulsewidths in theoughly equal td0.131. A plano—concave stable cavity was
range1.5-2 ns are typically produced, given the available formed from al34cm section of gain length witté m of
gain bandwidth in a TEACO, laser. In [4], the output total cavity length bounded at one end byl@0 linegmm
from an actively mode-lockedCO, laser was converted grating mounted in a Littrow configuration f&55-um os-
to 5um by second-harmonic generation (SHG) using artillation. To insure lowest-order transverse-mode oscillation,
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ocC Fig.1. Schematic diagram ofCO,-

L1 pumped two-step SHG sourcetashed

line, oscillator path;solid line, ampli-

CM %6 M fier path. M, mirror; OC, output coupler
M (20% R, 10m ROC); L1, lens 25m

f); BP, ZnSe Brewster plate; ML, mode
2.38um W2 /\ locker; G, grating; AGS, NLO crystal;
<—®—§I—@ CM, mirror (5m ROC); ZGP, NLO crys-
ZGP 4.77um tal; W1, AR-coated sapphire window;

W2, Schott filter

an iris with diameterl.0-1.1 cm was placed near the grat- determined to be&l9.15 (internal) in reasonable agreement
ing. The other end of the oscillator was &6 output cou- with the calculated value using recent index of refraction
pler with a radius of curvature df0 m TEMgo output was data [8]. The ZGP crystal was located in the Rayleigh range
obtained from the MO with beam radii di.61cm at the (= 15 cn) of a lens with é&-m focal length yielding &.3-cm
output coupler an@.38 cmat the grating. A Spiricon Pyro- beam radius. A bandpass filter (Schott RG 780, bandpass
cam with a 120< 120 element pyroelectric arrasg(L00pum- =~ 0.78-2.75um, transmissior= 0.85) was used to separate
square pixel size) was used to measure Gaussian spatial bettra2.38-um light from the other wavelengths.

profiles at various points along the optical path. The cav- Output energy and conversion efficiency were obtained
ity was actively mode-locked with a germanium standingfor both SHG processes. Typicdl78-.um energy output is
wave acousto-optic modulator driven B2.5 MHz yielding  plotted in Fig. 2. Two Gaussian beam radii (label “a” in
micropulses everg0 ns The details of this technique are de- Fig. 2) were used for the first SHG step (0.31 &7 cm)
scribed in [7]. Individual mode-locked micropulse temporalas measured by the pyroelectric array at the input to the
widths were measured to be in the range of 1.2®ns AGS crystal. The smaller beam size yields higher efficiency
using a0.5-nsrisetime photoelectromagnetic (PEM) detectorat the risk of potential damage to the AGS crystal. At the
and a high-bandwidth digitizing oscilloscope@GHz ana- highest input energy used, the laser fluence is at the damage
log bandwidth,4 GHz sampling rate). The envelope of the limit for the coated crystal (damage limit indicated by open
macropulse mode-locked train was detected with the samsxjuares in Fig. 2). At the larger beam size, the pump light
system. By using a calibrated calorimeter, the energy contenist fills the crystal cross section. The conversion efficiency
of the MO mode-locked pulsetrain was measured to be in the

range 80 ta200 mJmacropulsedepending on the discharge

voltage. The MO output was recollimated and was ampli- p
fied up to600 mymacropulsén a single-pass PAx 1cmx o 1000 A9GaSe Damage Threshoid: -
1cmx 134cn). £ Fluence = 1J/cm2

The desired2.38-um light was generated by fourth- Z &,
harmonic conversion of th€0, light in two separate SHG g 100l
steps. Second-harmonic generatio@@&b um was obtained ¢ ]
in an anti-reflection (AR) coated,cmx 1cmx4cmAGS &
crystal cut for critically phase-matched (CPM) operation.§ - o7 — — Model (est,) a = 0.178cm
The AR coating was designed for both fundamental andg 1ol _—_mgg:: E:zg:jgi;gcmm
harmonic wavelengths. The AGS crystal was located in th(§ : & Madel Caiculation
Rayleigh rangg~ 9 cm) of a2.5-mfocal length lens. An AR- 2 e g:tta (a= -i;cm)
coated sapphire window (transmissier0.95) was placed at ) | . a(a= 47cm) ‘

the output of the AGS crystal to separate the first-harmonic 10 T T
light from the fundamental. Thd.78-um output was then
converted to the desired wavelength by CPM-SHG in an AR-

Fig. 2. First-step SHG data and model comparison. Experimental results,
Coated(4'78/2'38““m) lemxlemx1emZGP CryStaI‘ The solid squaresand circles model calculation with spatiglemporal integra-

ZGP crystal was nominally cut &0 for frequency doub-  tion, open diamondsmodel calculation witH aye, Solid, dashed dot/dashed
ling the4.78-um light. The correct phase-matching angle waslines

Input Energy @ 9.55um (mJ)
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is modestly reduced frons 30% to about25%, but, more
importantly, the fluence is reduced 8% of the damage
limit. We can routinely put thousands of shots at a repetitior;
rate of1-2 Hz onto the crystal with no damage and generatg
over100 mJmacropulseutput. The2.38-um output energy
is plotted (solid circles) in Fig. 3 using@3-cm beam at the
ZGP crystal and ®&.47-cm beam radius at the AGS crystal.
As much a4 mJwas generated with an overall efficiency of
fourth-harmonic conversion of aboli@% of the fundamen-
tal output energy. This output was obtained with al&iumnJ

of 4.78-um input energy; at this point, we began to observe
signs of plasma breakdown at the AR-coated surface of thel
ZGP crystal and, therefore, higher energies were not investj
gated. Thet.78-um fluence at breakdown was estimated to be
about0.8 J/cn?. Preliminary data (crosses) were obtained a
higher input light levels (up t860 mJ using an uncoated ZGP
crystal. In Sect. 2, we use a model to predict the maximury
fourth-harmonic output achievable with improved AR-coated
ZGP crystals.

The major contribution to both conversion processes od
curs within the high-intensity gain-switched spike of the
TEA laser output. Temporal waveforms of the pump (sed
Fig. 4a) and the two converted wavelengths (see Figs 4b,8
were measured to investigate the effects of the time-varying
instantaneous intensity indicative of a TEA laser macropulse_
As shown in Fig. 4, the nonlinear nature of the SHG processe
diminishes the amplitude of tHé, tail in the macropulse en-
velope and compresses the shape of the gain-switched sp
as the wavelength decreases. The fundamental corg@¥as
of the pulse energy in the long tail compared @6 at
4. 78 um and virtually no energy &.38um. The full width at
half maximum of the gain-switched spike lasts 0A80 nsat
2.38um compared t@90 nsat the fundamental.

The effect of varying the micropulse intensity on the SHG
conversion efficiency was obtained by decreasing the rf drivjjgs
power to the AO modulator, a change which increases the
micropulse temporal width. The conversion frén77m to . }
2.38um was monitored as the micropulse width varied fromﬁg};‘gm% ;‘f‘g‘ﬁd '225{,?1‘3?&2‘?”2%22%&' records of fundamendy st
1.6 to 2.5 ns The energy output a4.78 um was held con-
stant during these tests. The data shown in Fig. 5 indicate
a decrease in efficiency froB0% to 18% as the pulsewidth

increases. An additional data point, obtained by turning offS ; ZGP Beam Radius = 0.3cm
: E (4.78um) = 0.1J/cm?2
32 - AGS Beam Radius = 0.47cm

500usec/div

50ns/div

4.78um

500usec/div

20ns/div

2.38um

EN
o

(%)

60

ZnGeP2 : 1x1x1xcmA?3
5o | Beam Radius = 0.3 cm

(4.8—~ 2.4pm)

Harmonic Conversion Efficiency (

o

" A1=4776pm :

| A2=2.388um 18 |-

40 | :

= X Theoretical 8 -
E 3L ® ARcoated :
5 . + No AR coat -
o O temp. Cal [ ) s
|- -+ 1

20 |. . .
- 10 100

- +
10 |- Micropuise Width (ns)
i Fig. 5. Variation of 2.4-um output as a function of micropulse temporal
ot : . . . — width
10 100

lin(mJ)

Fig. 3. Second-step SHG data and model comparison. Experimental result]éhe modelocker, yielded only a few percent efficiency. These

solid circlesand crosses model calculation with spatigiemporal integra- results clearly show the improvementar88-um output that
tion, open circles model calculation withl aye, solid line is provided by the mode-locked format.
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with our laser. It is evident from these data that the use of
a large beam radius at the first crystal was advantageous in
The equations for second-harmonic generation were numefourth-harmonic generation.
ically solved to model the results in Figs. 2 and 3. We used The fourth-harmonic conversion output energy and ef-
the planewave Maxwell equations for SHG from [9] which ficiency could be improved beyond what has already been
neglect diffraction, walkoff, and dispersive effects. The maximeasured if lower absorption, longer ZGP crystals with
imum walkoff distance for each crystal was calculated to be higher damage threshold were used [12]. The absorption
0.27 cmin AGS and0.07 cmin ZGP, both lengths small com- of our currentl-cm-long ZGP crystal is shown in Table 1.
pared to the measured beam diameters. The model inputising our model, we estimate that the energy output in Fig. 3
which describe the appropriate crystal properties for SHG areould be further increased by 100% (up to 58 mJ using
listed in Table 1. All the numerical values used in Table 1the highest availabld.78-pum output (= 100 mJ. In add-
come from [8], except for the indices of refraction for AGS, ition, using longer crystal lengths of up 5 cm with low
which come from [10] and the ZGP absorption which comesabsorption(< 0.05cnt?) at 4.78um and 2.38um, we cal-
from [11]. culate that fourth-harmonic output in the range 9ff mJ

For quantitative comparison of the model and experimentyould be the maximum obtainable from a source of the type
the space and time variation of the input electric field strengtishown in Fig. 1. This maximum value is due to limitations
needs to be evaluated for each SHG step. The Gaussian spat crystal length, fluence damage requirements, absorption
tial dependence of the pump beam is included explicitly forand temporal micropulse widths based on the TEA laser gain
each SHG step using measured beam radii at each crystal. Aandwidth. More trade studies need to be done to improve the
shown in Fig. 4, the temporal form of tH@O, laser output output energy.
is made up of a gain-switched spike and long-tiNetail. Our use of an AGS crystal as the first-harmonic con-
We performed an explicit temporal integration for both SHGverter medium will allow wavelength tunability over a range
conversion steps by approximating the temporal waveform asf CO, laser lines especially during repetitively pulsed oper-
follows. The macropulse envelope was approximated by twation. AGS optical absorption is quite weak in thelOpum
triangular functions of differing heights and bases (one for theegion. Fourth-harmonic conversion should then be possible
gain-switched spike and one for the long-time tail), and th@ver a number of J lines in both P and R branches of the
micropulses were approximated by rectangles with a temp®.6 .um and 10.6 um bands. By contrast, the use of ZGP as
ral width equal to the measured full width at half maximumthe first converter would severely limit efficient tunability

2 Model and discussion

(FWHM) of each micropulse. The results for each SHG stefpbecause of stron§0-um absorption and associated thermal
are shown as the open diamonds and circles, respectively, iensing.
Figs. 2 and 3 only for the case where the beam radius at the It should be noted that potential use of this type of de-
AGS crystal wa€).47 cm The model predictions are in rea- vice as a laser radar would requiZ®, laser operation at the
sonable agreement with the measured output energies ove(18) rather than the P(20) line used in these laboratory tests
the input laser energy range used.
After performing these detailed calculations, we foundsion measurements indicate that the P(18) line falls within
that the temporal integration could be simplified by ignoringa narrow transmission window (for exampW#6 transmis-
the long-time tail contribution and approximating the pulse-sion over a5-km horizontal path at sea level) whereas the
train in the gain-switched spike as a series of equal-amplitude(20) and P(22) lines fall accidentally on molecular absorp-

rectangular micropulses with an intensity ©f70% of the

of laser performance. High-resolution atmospheric transmis-

tion lines. Performance of the fourth-harmonic conversion at

intensity of the peak amplitude micropulse. These approxithis wavelength should be nearly identical (within a few per-

mate results are shown as continuous lines in Figs. 2 and 8ent) to the reported performance at P(20) described in this
The error is abous%—8% relative to the more detailed model report.

calculation. We have also included in our model calculations In summary, we have shown that a mode-locked MOPA

a prediction for one of the beam sizes (radit$.178 cm)

CO, TEA laser system pumping a series arrangement of AGS

used in [4] assuming a temporal waveform as was obtaineand ZGP nonlinear crystals is a source of at l&xbsmJof

Table 1. Crystal parameters for model

AgGaSe Crystal
(uniaxial negative)

ZnGeR
(uniaxial positive)

ordinary index aB.55pum
=2.5969

extraordinary index a4.78 .m
=2.583

Type | PM O+O-E
d3g=3.3+0.3x 101 m/V
phase match angte 6, = 49
et = d36SiN(Om)

absorption coefficien9.55 um)
<0.02cnt

absorption coefficient4.78 um)
<0.02cnr?

extraordinary index a4.78 .m
=3.1389
ordinary index aR.38um

= 3.15547

Type | PM E+E-O
dgg = 8.544+1.3x 1011 m/Vv
Om = 49.15°
et = d36SiN(260m)
absorption coefficient4.775pm)
<0.055cm?t
absorption coefficien{2.38 um)
=055cnT?!

2.38um light. Although average power issues were not un-
dertaken in these studies, this output level was observed to be
maintained at 4—2-Hz pulse rate.
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The ZGP coating vendor (Inrad, Northvale, NJ) claims a relative im-
provement in the coating damage threshold above what has been
reported here. The vendor reports absorptiof.05 cnt ! at 2.38 um

and < 0.05 cnt ! at4.77 um for ZGP crystals up t@5 mmin length



