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Abstract: We report the implementation of a compact cascaded
multicrystal scheme based on birefringent crystals in critical phase-
matching, for the generation of continuous-wave (cw) radiation in the deep
ultraviolet (UV). The approach comprises a cascade of 4 single-pass
second-harmonic-generation (SHG) stages in -BaB,0, (BBO) pumped by
a single-frequency cw green source at 532 nm. A deep-UV cw output power
of 37.7 mW at 266 nm has been obtained with a high passive power
stability of 0.12% rms over more than 4 hours. Characterization and
optimization of the system in each stage has been systematically performed.
Angular phase-matching acceptance bandwidth under tight focusing in
BBO, and spectral properties of the deep-UV radiation, have been studied.
Theoretical calculations for SHG in the cascaded scheme based on
birefringent phase-matching have been performed, and enhancement in UV
power compared to single-stage single-pass scheme are studied. Theoretical
comparison of BBO with other potential crystals for deep-UV generation in
cascaded multicrystal scheme is also presented.
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1. Introduction

Continuous-wave (cw) single-frequency sources in the ultraviolet (UV) are of great interest
for many applications in science and industry including optical data storage, semiconductor
wafer inspection, fiber Bragg grating fabrication, UV photolithography, holography,
biomedicine, as well as absorption and fluorescence spectroscopy [1]. The predominant laser
sources available in the UV region are excimer lasers, ion lasers, and free-electron lasers,
with the associated limitations of non-solid-state design, bulky and complex architecture,
large power comsumption, and high cost [2]. As such, an effective alternative approach for
UV generation has been based on nonlinear frequency conversion techniques of second-
harmonic-generation (SHG) [3,4] and sum-frequency-generation (SFG) [5,6] in suitable
birefringent crystals, providing practical UV output powers.

Among the different nonlinear frequency conversion schemes, SHG of green radiation at
532 nm is the most direct approach to provide deep-UV radiation at 266 nm. To date, several
nonlinear crystals have been exploited for the generation of 266 nm radiation. A list of such
crystals, with transparency in the deep-UV, is shown in Table 1. For SHG to 266 nm based on
critical phase-matching, f-BaB,0, (BBO) offers the highest nonlinearity compared to all
other birefringent crystals including KBe,BOsF, (KBBF), RbBe,BO;F, (RBBF), K,Al,B,0;
(KABO), YAI;(BOs), (YAB) and CsLiBsO,y (CLBO) [7-11]. Materials such as KBBF and
RBBF, while offering lower nonlinearity, are advantageous for direct SHG at wavelengths
below 200 nm, as the shortest wavelength that can be generated with SHG in BBO is 205 nm.
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Other nonlinear materials such as CsB;Os (CBO) and LiB;Os (LBO) although offer
transparency below 200 nm, SHG for deep-UV generation is not feasible due to their low
birefringence. As such, the lowest wavelength demonstrated with CBO and LBO are 273 nm
and 277 nm, respectively [12,13]. The Sr,Be,BO; (SBBO) crystal with a relatively high
nonlinear coefficient [14] can also be used for deep-UV generation. However, growth of this
crystal is hazardous as beryllium is toxic in nature. On the other hand, temperature-tuned,
zero-walk-off, noncritically phase-matched SHG at 266 nm has been demonstrated with
K(DH,4),PO, (DKDP) [15] and NH,H,PO, (ADP) [16], making these crystals potential
candidates for deep-UV generation in inertial confinement fusion facilities.

With the advances in quasi-phase-matched (QPM) technology, periodically-poled crystals
have been established as highly effective materials for high-power cw generation due to the
high effective nonlinearity, long available interaction lengths, and absence of walk-off. At the
same time, there has been a continuous quest for QPM materials providing transparency into
the deep-UV. While QPM materials such as MgO-doped periodically-poled stoichiometric
LiTaO; (MgO:PPsLT) provide transparency down to ~280 nm, fabrication of sufficiently
short QPM gratings of high quality for UV generation still remains challenging. To date,
deep-UV sources based on QPM materials have only been demonstrated in the nanosecond
pulsed regime. QPM quartz has been demonstrated for 266 nm generation by performing
periodic modulation of the nonlinearity by spatial patterning of a twin structure in the material
[17]. Although quartz has very low nonlinearity, its very high damage threshold makes it a
good candidate for high-peak-power operation. Also, very recently, pumped by a nanosecond
pulsed laser, SHG at 266 nm was demonstrated in periodically-poled LaBGeOs (PP-LBGO),
using 2nd-order QPM structure [18]. To exploit the highest nonlinear gain in QPM materials
for SHG into the UV, lIst-order QPM grating period of A~2 pum is required, which is still
challenging to fabricate. As such, 2nd order QPM structures with reduced nonlinear
coefficient was used. Against this backdrop, the search for alternative birefringent and QPM
materials for UV generation continues, with the most prominent candidates listed in Table 1.

Table 1. Phase-matching properties of nonlinear crystals for SHG at 266 nm”

KBBF RBBF KABO | CLBO BBO YAB | DKDP ADP QPM PP-
quartz LBGO

6 (°) 36.3 39.9 58.1 61.6 47.6 66.9 NCPM | NCPM | NCPM | NCPM
A(um) | - - - - - - - - 11.9* 4.4*
Terystal RT RT RT 140 RT RT 60.7 51.6 RT 65
O
p 52 56 47 32 85 33 0 0 0 0
(mrad)
detr 0.39 0.34 0.24 0.79 1.75 0.69 0.37 0.57 0.3%* 0.24*
(pm/V)

aPhase-matching angle (6), noncritical phase-matching (NCPM), QPM grating period (A1), crystal temperature
(Terystal), room temperature (RT), walk-off angle (p), and effective nonlinear coefficient (deff).

*2nd-order QPM.

**deff for SHG from 1064 nm to 532 nm.

In the cw regime, given the low pumping intensities and small nonlinear gain, only a few
crystals with sufficiently high nonlinear coefficients can be considered as suitable candidates
for deep-UV generation. Among these, BBO, offering the highest nonlinear coefficient of all
birefringent crystals for UV generation, has been used for maximum cw power generation at
266 nm [3]. Another competitive material for UV generation at this wavelength is CLBO.
With a lower spatial walk-off than BBO, CLBO has also been demonstrated to provide high
cw output powers [4]. To enhance the nonlinear gain, and thus the cw output power using
these nonlinear materials, the common approach has been to deploy the well-established
external enhancement cavities. Although such configurations result in high output powers, to
minimize output power fluctuations, even to ~1% rms, frequency locking of the enhancement
cavities using techniques such as Pound-Drever-Hall are imperative, which inevitably lead to
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increased size and complexity. On the other hand, single-pass schemes are simple, compact
and robust [19]. Moreover, they enable direct transfer of frequency and power stability of the
input to the frequency-converted output beam without the need of active stabilization.
However, due to the low nonlinear coefficient of the available materials in the deep-UV (see
Table 1), the single-pass SHG scheme generally results in low cw output powers. To enhance
output power and efficiency in the single-pass scheme, we previously reported an effective
alternative technique based on a three-stage multicrystal cascaded scheme using the QPM
nonlinear material of MgO:PPsLT, enabling major enhancement in single-pass cw SHG
efficiency and output power at 532 nm [20]. Also recently, two-crystal cascade configurations
were demonstrated for power enhancement together with efficient thermal handling, where
the first crystal provided the high nonlinear efficiency, and the subsequent crystal was chosen
for power handling capability [21]. For the attainment of cw power enhancement in the deep-
UV in a simple and compact design, while maintaining high output power stability, it is thus
highly desirable and timely to extend and study the multicrystal cascaded single-pass SHG
scheme in birefringent crystals for UV generation. Here, we investigate this technique and
study the SHG enhancement factor in birefringent material in presence of spatial walk-off
under critical phase-matching. We use a cascaded single-pass scheme comprising 4 stages,
and investigate the system performance, for the first time. As BBO is still the most well-
established birefringent material for deep-UV generation, offering the highest effective
nonlinearity and most competitive performance, with widespread commercial availability, we
choose this crystal for the present study. The birefringent-multicrystal (B-MC) scheme used
in this work permits independent focusing, mode matching, and angular tuning in each SHG
stage. The technique also allows the use of several shorter crystals in cascade, which is
advantageous when deploying nonlinear crystals with large spatial walk-off. Using the
scheme, we have generated multi-tens of mW of output power at 266 nm, with a high passive
power stability of 0.12% rms over more than 4 hours. For many aforementioned applications
that demand precise high-resolution measurements, such a simple compact UV source, with
practical powers, single-frequency output, and high power stability are primary requirements.

2. Experimental setup

The schematic of the experimental setup for single-pass SHG in B-MC scheme is shown in
Fig. 1. The fundamental source is a cw single-frequency solid-state laser (Coherent, Verdi
10), delivering up to 10 W of output power at 532 nm in a linearly polarized beam with
M?<1.1. The input power to the SHG crystals is adjusted by using a combination of half-wave
plate and a polarizing beam-splitter cube. A second half-wave plate is used to obtain the
required polarization for phase-matching in the SHG crystals.

The setup comprises of four single-pass SHG stages, with each stage comprising BBO as
the nonlinear crystal. The crystals are all cut at § = 47.56° for type I (oo—e) critically phase-
matched SHG to 266 nm. We used three identical crystals, each 10-mm-long in stage-1, 2,
and 3, and one 5-mm-long BBO crystal in stage-4. The end-faces of the crystals are
antireflection-coated (R<0.1%) at 532 and 266 nm. Optimum phase-matching for SHG is
achieved by angular rotation of BBO crystals in each stage at room temperature. Using a lens,
L, the green fundamental beam at 532 nm is focused at the center of the BBO crystal in stage-
1, generating SHG output at 266 nm. In stage-2, the generated SHG output and the
unconverted fundamental after stage-1 are collimated and refocussed at the centre of the BBO
crystal using plano-concave mirrors, M; and M,. The SHG output thus generated, together
with the undepleted fundamental after stage-2, are again collimated and refocused at the
centre of the BBO crystal in stage-3, using mirrors, M3 and My, and finally focused into the
BBO crystal in stage-4, using mirrors, Ms and Mg. The focal length (f) of lens, L, and of all
the mirrors, M;-Mg, are chosen to achieve the required beam waist for mode-matching, and
optimum performance of the system, as listed in Table 2. All plano-concave mirrors are
coated for high reflectivity (R>99%) at 532 nm and 266 nm. To adjust the inter-crystal
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spacing, to compensate any accumulated phase in the interacting waves due to dispersion in
air [22], the crystals and mirrors are mounted on translation stages. The generated UV output
is

22 PBS W2 m

Verdi laser
10 W, 532 nm

BBO-3

Stage-3

BBO-4  Stage-4

> 532 nm

Mg i
""""""""""""""""""""""""""""""" 266 nm
M,g |

F

Fig. 1. Schematic of the B-MC single-pass SHG. PBS: Polarizing beam-splitter; L: lens; M;-
Me: Mirrors; M’, M”: Dichroic mirror; F: Filter. Inset(right-hand): Photograph of the
experimental setup.

separated from the fundamental by using an identical pair of dichroic mirrors, M’ and M”
(T>98% @532 nm, R>99%@266 nm). To further reject any residual fundamental from the
UV, an additional filter, F (FGUVS, T>79%@?266 nm), is used. Inset of Fig. 1 shows the
photograph of the laboratory experimental setup.

Table 2. Collimation and focussing optics used in each SHG stage

Stage-1 Stage-2 Stage-3 Stage-4
Optical elements L M, M, M; M, M; Mg
f(mm) 150 100 75 50 50 75 100
Beam waist (um) 29 19 16.5 22

3. UV power and efficiency
3.1 Theory

For the attainment of efficient SHG in birefringent crystals under critical phase-matching at
room temperature, optimum focusing of the fundamental beam within the crystal is critical.
Due to the spatial walk-off in birefringent crystals, the interacting waves maintain spatial
overlap only for a limited length in the medium. This effective length is given by [23],

| _Nmw )
eff p

where wy is the fundamental beam waist radius and p is the walk-off angle between the
second-harmonic and fundamental beam.
The SHG output power, under the plane-wave approximation with no pump depletion, is

given by [23],
8zdy, (P Akl
P,=——%L—| =2 lsinc’| — |, 2)
n,n,,c€ A, \ Wi 2
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where d. is the effective nonlinear coefficient, P, is the fundamental power, / is the crystal

physical length, Ak is the phase-mismatch, n, and n,, are the refractive indices of the

fundamental and SHG beam, respectively, and 4, is the fundamental wavelength. Under

focused Gaussian beam condition, the SHG power is given by [24,25],

_lex’d, h(B,§)F,l
nwnZwCé‘Oﬂ'Z)

) 3)

2w

where 4(B,&) is the nonlinear coupling coefficient [26,27], and B is the walk-off parameter
given by [26],

p="N"e) )

¢= ; )

where k,, is the fundamental wavevector in the crystal.

Thus, for birefringent crystals, under loose focusing, when walk-off effects are negligible,
and when [<</. and /<<zy (zg = awgHA, is the Rayleigh range), the SHG power is given by
Eq. (2), and [25],

12
B, — (6)

Wr

However, under tight focusing, when walk-off effects are prominent and [.;<</<< zg, Eq. (3)_
comes into effect, so that [25]

P, .
Wi

20

)

3.2 Single-crystal

In order to characterize the single-pass SHG scheme and optimize the focusing condition, we
first performed power scaling measurements with both 10-mm-long and 5-mm-long BBO
crystals in the single-crystal (SC) scheme. The single-pass SHG with 10-mm-long BBO in SC
scheme was achieved by focusing the fundamental beam at the centre of the crystal, using
lenses, L, of different focal lengths. Initially, we focused the fundamental to a beam waist
radius of wr = 21 um, for which a maximum UV power of 12.07 mW was achieved for 9.2 W
of fundamental power. With the fundamental beam loosely focused to a beam waist radius of
wr =29 um, a UV power of 12.28 mW was obtained. With further increase in the beam waist
to wr = 32.5 pm, a drop in the SHG power down to 6.03 mW was observed. As expected, the
SHG cw output powers are low in the single-pass scheme. Since the change in the SHG
output power for beam waist below wr = 29 um is not significant, we fixed the fundamental
waist at wr = 29 um, and performed power and efficiency scaling measurements. The results
are shown in Fig. 2(a). As can be seen, the SHG power increases quadratically, with a linear
increase in the corresponding SHG efficiency, up to the maximum fundamental power of 9.2
W, thus indicating the absence of pump depletion and thermal effects at these power levels.
Considering a calculated spatial walk-off angle of p = 85 mrad, and a fundamental beam waist
of wr = 29 um, the effective length of the crystal is calculated to be /. = 0.6 mm.

Using a crystal of shorter length, 5 mm, we then characterized the single-pass SC scheme
for UV generation. We focused the fundamental beam to different beam waist radii of wy =

#260670 Received 7 Mar 2016; revised 7 Apr 2016; accepted 7 Apr 2016; published 13 Apr 2016
© 2016 OSA 18 Apr 2016 | Vol. 24, No. 8 | DOI:10.1364/0E.24.008763 | OPTICS EXPRESS 8768



14, 21, and 29 um at the centre of the crystal, and obtained UV ouput powers of 7.3 mW, 8.8
mW and 7.2 mW, respectively, at the maximum fundamental power of 9.2 W. Keeping the
beam waist fixed at wr = 21 pm, as shown in Fig. 2(b), we performed power and efficiency
scaling measurements, where again the SHG power shows quadratic dependence, and
efficiency shows linear dependence, on the fundamental power.

14 0.15 10
. SC scheme 0.10
— 12} ?g_;?:_el;e BBO 1012 & __ 8 5-mm-long BBO 9\:
2 10} w =29 um ¢ - = w,=21 pm 10.08 >,
£ e {0.09 2 E g} g
g 8¢ g 5 {0.06 é
| £ L
g 6 10.06 G <3 4 0.04 g
3 4 B 2 5l -
| {003 % 3 0.02 %
z i . . 0 n : : : 0.00
00 2 4 6 8 0.00 0 2 4 6 8
Fundamental power (W) Fundamental power (W)

Fig. 2. Variation of UV power and SHG efficiency as a function of fundamental power in SC
scheme with (a) 10-mm-long, and (b) 5-mm-long BBO.

3.3 Multicrystal

To investigate the performance of the B-MC scheme, we characterized the system and studied
the enhancement in output SHG power and efficiency after each stage. We recorded the SHG
power and efficiency as a function of fundamental power in 2-crystal, 3-crystal, and 4-crystal
configurations. The power and efficiency scaling measurements after each stage are shown in
Figs. 3(a) and 3(b), respectively. The fundamental power is measured before stage-1, while
the UV power is measured after separation from the fundamental after each stage. The 2-
crystal configuration is realized with two 10-mm-long BBO crystals in the cascade, leading to
a total

42 37.7 mW (a) 0.41% ® |
36 5 S|m4/' ? 04 I »
S 30l 287mw ra X 0.31% s |
E 1§W ) L>)‘ 03 I od "
= 24| 21.8mw /// c 0.23 % . AStages
o Q v x pe
2 18} / . S 0.2 P
8 4ol 123mwW '///‘/ "Suge2 £ 013% T .
% 6 | y::;j: = Stage-1 g 0 1 I~ E : o -— " Stage-1
— wn /!/’/_/o/'/
0 . . 0.0 : s s .
0 2 4 6 8 0 2 - 6 8
Fundamental power (W) Fundamental power (W)

Fig. 3. (a) UV power, and (b) SHG efficiency versus fundamental power after each stage in B-
MC scheme.

physical crystal length of 20 mm. The SHG output and the undepleted fundamental from
stage-1 are collimated and focussed into the second identical BBO crystal in stage-2. Given
the higher SHG power obtained with beam waists at or smaller than wy = 29 um for the 10-
mm-long crystal in the single-pass scheme, the beam waist at the centre of the crystal in
stage-2 was chosen to be w/~19 pm, leading to a total effective length, /.= 0.99 mm. The 3-
crystal configuration was realized by collimating and focusing the SHG output and the
unconverted fundamental from stage-2, into a third identical 10-mm-long BBO crystal in
stage-3. The total physical length of the crystal in stage-3 was 30 mm. The beam waist used
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for SHG in stage-3 was wr = 16.5 um, resulting in an increase in the total effective length to
ler = 1.33 mm. We further collimated and focused the SHG output and the residual
fundamental from stage-3 into a fourth BBO crystal of 5-mm length in stage-4. The total
physical length of the crystal at stage-4 was now 35 mm. As the optimum beam waist
obtained for 5-mm-long BBO in SC scheme was wr = 21 pm, we chose the beam waist at the
centre of the crystal in stage-4 to be wy~22 pum. This resulted in a total effective length of /¢
= 1.79 mm at stage-4. As evident, the beam waist (wr = 16.5 um) used in stage-3 is smaller
than that used in stage-1 and 2. With the increase in the beam waist in stage-3, while using
focal length of 75 mm for mirror My, a drop in the total UV output power was observed. Also,
unlike the multicrystal scheme using QPM

50
4 =532 nm =35 mm o 0.5+ 2 =532 nm =35 mm
< . X Ay
S 40, =266nm S 4] A28mm
E 2 =30 mm
~ 30t <
o 2 03
3 &
a 20} 0.2}
0] (a) (:_2 (b) 1220 mm
(:}:) 10t o 0.1
“ =10 mm
= . 0.0=— : - -
00 2 4 6 8 0 2 4 6 8
Fundamental power (W) Fundamental power (W)

Fig. 4. (a) Theoretical UV power and (b) SHG efficiency scaling for different crystal lengths in
B-MC scheme.

materials [20], here in the B-MC scheme, given the absence of thermal loading in the crystals,
the beam waist at the centre of each crystal is chosen for maximum SHG efficiency.
Considering the walk-off compensation possibility in the B-MC scheme, the orientation of the
crystal in the successive stages was always adjusted for the maximum UV power generation.
At the same time, to compensate for any possible phase shifts between the interacting waves
due to the dispersion in the air, the distance between the crystals is always adjusted for
maximum SHG power, as described previously for doubling into the green [22]. However, it
should be noted that the phase shift arising from the increased dispersion in air is larger for
SHG into the deep-UV as compared with doubling into the green. This means that the change
in the mirror position resulting in a total phase shift of a multiple of 2m between the
fundamental green and the second-harmonic deep-UV after reflection from the mirrors is
smaller for deep-UV generation [28]. Moreover, since in the B-MC scheme, phase-matching
is attained by independent angular rotation of the crystal at each stage, this provides an
additional means to compensate for any phase shift due to dispersion in air. As can be seen in
Fig. 3(a), after each stage, the SHG power increases quadratically, and, as evident in Fig.
3(b), the SHG efficiency rises linearly up to the maximum fundamental power of 9.2 W. We
achieved maximum UV power of 12.3 mW, 21.8 mW, 28.7 mW, and 37.7 mW, with
corresponding efficiency of 0.13%, 0.23%, 0.31% and 0.41%, after stage-1, 2, 3 and 4,
respectively, at 9.2 W of input power. The linear variation of efficiency with the input power
indicates the absence of thermal effects even in the 4-crystal configuration.

We have further performed theoretical calculations for SHG power and efficiency, as a
function of incident fundamental power for BBO of lengths 10 mm, 20 mm, 30 mm and 35
mm, as shown in Figs. 4(a) and 4(b). The calculations are performed under tight focussing
conditions, with no pump depletion, no thermal effects and negligible loss, using relevent
Sellmeier equations for the material [29]. Here, the non-zero SHG input at successive stages
is considered by increasing the length of the crystals at each stage. As can be seen, Figs. 3(a)
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and 3(b) follow exactly the same behavior as in Figs. 4(a) and 4(b), respectively, confirming
good agreement between the experimental data and calculations.

Since, under tight focusing conditions, the calculated total effective length is much
smaller than the crystal physical length, the SHG power scales linearly with the length of the
nonlinear crystal. Figure 5(a) shows the generated UV power as a function of crystal length.
As evident, the SHG power shows linear dependence on the length of the nonlinear crystal

40,
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Fig. 5. (a) Variation of UV power as a function of crystal length under tight focusing at
maximum fundamental power. (b) SHG power enhancement factor as a function of
fundamental power at different stages in B-MC scheme.

used in each stage. We further studied the SHG power enhancement factor in B-MC scheme
by determining the ratio of the UV power after each stage to that of after stage-1, as a
function of fundamental power. The results are shown in Fig. 5(b). The SHG power enhances
by a factor of 1.88, 2.45, and 3.18 in stage-2, stage-3, and stage-4, respectively. The slight
discrepancy from the theoretical enhancement in SHG power in each stage is due to the non-
identical optimum beam waists at different stages, and also could be due to the losses in
mirror and crystal coatings, which could be significant at these power levels.

4. Theoretical comparison with other crystals

Among the different birefringent crystals for deep-UV generation listed in Table 1, CLBO has
the next lower nonlinear coefficient and spatial walk-off angle than BBO. We, thus,
theoretically compare the performance of BBO with CLBO in B-MC scheme. Also, we
compare the performance with QPM crystal, PP-LBGO, where the absence of spatial walk-
off, despite the reduced effective nonlinearity due to higher-order quasi-phase-matching,
could potentially enhance SHG efficiency and output power. Figure 6(a) shows the calculated
h(B,&) as a function of £, according to Boyd and Kleinman theory [26,27], for BBO, CLBO
and PP-LBGO, for crystal length of 10 mm each. Considering p = 85 mrad for the BBO
crystal, corresponding to a walk-off parameter of B~18.9, the maximum nonlinear coupling
coefficient of 4(B,£)~0.037 is obtained for & = 1.4. Similarlly, for the CLBO crystal, with a
walk-off angle of p = 31.4 mrad, corresponding to a walk-off parameter of B~6.6, we obtain a
maximum /(B,£)~0.107 for £ = 1.41. The zero spatial walk-off in PP-LBGO leads to B = 0,
and thus a maximum nonlinear coupling coefficient of 4(B,&) = 1.067 is obtained for £ = 2.8.
Using the maximum /(B,&) and thus the corresponding fundamental beam waists of wr = 19
um (BBO), wr = 20 um (CLBO) and wr = 13 um (PP-LBGO), for efficient SHG in each
crystal
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Fig. 6. (a) Variation of the calculated nonlinear coupling coefficient, #(B,), as a function of
focusing parameter, &, in different crystals. (b) Theoretical SHG power as a function of crystal
length for 10-mm-long crystals in cascade in B-MC scheme for different crystals.

type, we calculated the SHG output power as a function of crystal length for 10-mm-long
crystals in cascade for multicrystal configuration. The results are shown in Fig. 6(b), where
the relevent Sellmeier equations have been used for the crystals [29,30], and the fundamental
power of P, = 10 W at 532 nm has been used for calculations. Again, the calculations are
performed with no pump depletion, no thermal effects and negligible loss approximation. As
evident, despite the smaller walk-off angle in CLBO, the SHG output powers obtained are not
higher than BBO. On the other hand, with second-order quasi-phase-matching in PP-LBGO,
significantly higher SHG powers than BBO can be obtained with increasing crystal lengths
above ~15 mm, due to NCPM in the absence of spatial walkoff. However, the challenge with
QPM materials for deep-UV generation still remains their fabrication in large scale and long
interaction lengths. The performance of multicrystal single-pass configuration for BBO,
CLBO and PP-LBGO are compared and summarized in Table 3.

Table 3. Comparision of different crystals for single-pass SHG in multicrystal

configuration
B 13 h(B,§) / (mm) Py, (mW) N2w = Paw /Py (%)
BBO 18.9 1.4 0.037 40 95 0.95
CLBO 6.6 1.41 0.107 40 46 0.46
PP-LBGO 0 2.8 1.067 40 267 2.67

5. Power stability

We characterized and compared the performance of the deep-UV source for power stability
under SC and B-MC scheme. Figure 7(a) and 7(b) show the recorded passive power stability
of the generated UV in the SC scheme with the 10-mm-long BBO and 5-mm-long BBO,
respectively, at the maximum fundamental power of 9.2 W, under free-running conditions.
The UV power is recorded to exhibit passive stability better than 0.1% rms for the 10-mm-
long BBO, and 0.12% rms for the 5-mm-long BBO, over 2 hours. To compare the power
stability of the UV output to the input fundamental in the single-pass scheme, we also
recorded the passive power stability of the fundamental at maximum power. The result is
shown in Fig. 7(c). The power stabilities in Figs. 7(a) and 7(b) are identical to the passive
power stability of 0.1% rms over 2 hours for the fundamental in Fig. 7(c). As evident, the
stability in power is directly transferred from the input fundamental to the UV output in the
single-pass scheme. Figure 7(d) shows the long-term passive power stability of the UV output
in B-MC scheme after stage-4, at maximum fundamental power of 9.2 W. The UV output
after stage-4 is recorded to exhibit a passive power stability better than 0.12% rms over more
than 4 hours. It is evident that the addition of crystals in single-pass cascaded scheme does
not result in any additional instabilities in the UV output power. Moreover, we have not
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observed any sign of power degradation or optical damage to any of the crystals or the
coatings in B-MC scheme, under long-term operation.
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Fig. 7. Passive power stability of the UV output in the SC scheme for (a) 10-mm-long BBO,
and (b) 5-mm-long BBO. (c¢) Fundamental power stability. (d) Passive power stability of the
UV output in B-MC scheme after stage-4.

6. Angular acceptance bandwidth

We also studied the angular acceptance bandwidth of the 5-mm-long BBO crystal for SHG at
room temperature by measuring the variation of the UV output power as a function of crystal
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Fig. 8. (a) Experimentally measured, and (b) theoretically calculated angular acceptance
bandwidth of UV output for a 5-mm-long BBO crystal. (c) Theoretically calculated angular
acceptance bandwidth for an effective length of /.= 0.44 mm.

angle, 6, at a low fundamental power of 3.7 W. We used a fundamental beam waist of wp =
21 pum for maximum SHG efficiency. The angular acceptance profile obtained is shown in
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Fig. 8(a). The experimental data has a full-width at half-maximum (FWHM) bandwidth of A6
= 0.24°. Figure 8(b) shows the corresponding theoretical angular acceptance curve calculated
using the relevant Sellmeier equations for BBO [29], where a FWHM bandwidth of Af =
0.018°, at a phase-matching angle of § = 47.56°, is obtained. The large difference in the
experimental and calculated angular acceptance bandwidth is attributed to the presence of
large spatial walk-off effect in BBO under tight focussing. Using a effective length of /¢ =
0.44 mm corresponding to the beam waist of wy = 21 pm used in BBO, we obtain a
theoretical FWHM bandwidth of A = 0.22°, as shown in Fig. 8(c), which is in close
agreement with the measured bandwidth in Fig. 8(a).

7. Spectrum and beam quality

To investigate the single-frequency operation of the generated UV in B-MC scheme, the
spectral characteristics of the UV beam after stage-4 and the fundamental were studied.
Figure 9(a) shows the spectrum of the generated UV output, measured simultaneously with
the green fundamental, using a spectrometer with a resolution of 0.27 nm (OceanOptics,
HR4000), at central wavelength of 266 nm and 532 nm, respectively. Given the lack of
suitable optics at
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Fig. 9. (a) Spectrum of the SHG output and the input fundamental. (b) Single-frequency
spectrum of fundamental measured at maximum power operation.

266 nm for a Fabry-Perot interferometer (FPI), we were not able to detect the transmission
spectrum of the UV. However, we measured the spectrum of the fundamental using a
confocal FPI (FSR = 1 GHz, finesse = 400), confirming single-frequency emission with an
instantaneous linewidth of 4.25 MHz, as shown in Fig. 9(b). Given the single-pass SHG
scheme used here, it is thus expected that the UV output is also single-frequency. Using
energy conservation (Manley-Rowe relations) between the fundamental and the second-
harmonic output, the bandwidth of the UV output has been calculated to be 8.5 MHz.

We also characterized the near-field energy distribution of the UV output in SC and B-
MC scheme. Figure 10(a) shows the UV beam profile together with the orthogonal intensity
distributions at maximum power in the SC scheme with 10-mm-long BBO crystal. As can be
seen, the UV output beam is highly elliptic with a circularity of only ~5% due to the large
spatial walk-off in BBO. However, the beam can be readily circularized using suitable
cylindrical optics [7]. Given the large spatial walk-off in each crystal in the B-MC scheme,
the UV output after stage-4 is also elliptic and requires focusing optics to collect the beam on
the camera. Using a lens, we recorded the near-field energy distribution of the UV output
after stage-4, at maximum fundamental power, as shown in Fig. 10(b). As can be seen, we
were able to greatly improve the spatial profile of the UV beam, resulting in a Gaussian
profile with circularity of >70%.
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Fig. 10. Near-field energy distribution of UV output in (a) SC scheme with 10-mm-long BBO,
and (b) B-MC scheme after stage-4 using focussing lens.

8. Conclusions

We have demonstrated and studied single-pass multicrystal SHG scheme for the generation of
cw deep-UV radiation at 266 nm using the birefringent crystal of BBO. Using fundamental
cw single-frequency radiation at 532 nm, and four BBO crystals in a cascade, we have
achieved ~38 mW of output power at 266 nm, with a passive power stability of 0.12% rms
over 4 hours in Gaussian spatial beam quality with a circularity of >70%. The linear nature of
SHG efficiency power scaling suggests that by using higher fundamental powers and larger
number of widely available BBO crystals in cascade, the cw single-pass SHG power and
efficiency in the deep-UV can further be increased. In addition, techniques such as elliptical
focusing and double-crystal walk-off compensation in each conversion stage could also be
potentially deployed in the B-MC scheme to enhance the overall SHG output power and
efficiency into the deep-UV. The theoretical calculations performed to study the performance
of other potential crystals for deep-UV generation in multicrystal scheme also suggest the
possibility of increase in UV power at 266 nm by using QPM materials. Such simple,
compact, single-frequency and low-noise deep-UV source, with practical powers, good
spatial beam quality, and excellent power stability paves the way for many applications
including biomedicine and spectroscopy that demand precise high-resolution measurements.
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