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Abstract The third-order optical nonlinearity of deep-
ultraviolet (DUV) nonlinear optical (NLO) crystal
KBe;BOsF, (KBBF) was investigated using single-beam
Z-scan technique for the first time. The Z-scans were per-
formed on a c-cut KBBF crystal and a KBBF prism-
coupling device (PCD) with picosecond pulses at 355 nm.
No two-photon absorption was observed in the experiment.
The measured nonlinear refraction index n, showed positive
signs, indicating self-focusing Kerr effects. The n, values
were estimated to be (1.75 £ 0.35) x 1071 cm?/W with
the c-cut sample and (1.85 £ 0.37) x 10~ cm?/W with
the PCD, corresponding to the third-order nonlinear opti-
cal susceptibilities Xé?f) of (0.99 & 0.20) x 10~13 esu and
(0.94 £ 0.19) x 10~13 esu, respectively. The results are ex-
pected to promote the investigation of frequency conversion
processes with ultra-short laser in KBBF crystal.
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1 Introduction

The laser sources in the deep-ultraviolet (DUV) region are
very useful in the fields of semiconductor lithography, laser
micromachining, photoemission spectroscopy, Raman spec-
trometer, and so on. Nonlinear optical crystal KBe,BO3F,
(KBBF) has high spectral transmission in the UV-DUV
region with cut-off wavelength at 150 nm, and it is cur-
rently the most important crystal that is capable of produc-
ing DUV coherent light through second-harmonic genera-
tion (SHG) [1-3]. Due to the strong layer tendency along
the optical axis of KBBF and the difficulties in growing, it
is hard to cut this crystal along the phase-matching direc-
tion. To solve this problem, a special prism-coupling de-
vice (PCD) is developed, and the unique KBBF-PCD al-
lows to achieve phase matching for frequency doubling into
the DUV regime with a thin KBBF [4, 5]. Based on the
KBBF-PCD, both frequency-fixed coherence DUV radia-
tion at 177.3 nm and widely tunable DUV radiation from
170 to 232.5 nm have been generated through direct SHG
of third harmonic generation (THG) from Nd:YAG laser
at 355 nm and tunable frequency-doubled Ti:sapphire laser
from 340 to 465 nm, respectively [6, 7]; and recently, the
even shorter wavelength down to 153 nm has been realized
by sum-frequency generation (SFG) from Yb-doped laser at
1074 nm and its sixth harmonic beam at 179 nm [8]. The
177.3 nm source has been successfully applied to an angle-
resolved photoemission system with a super-high energy
resolution better than 1 meV [9]. Except for generating DUV
radiation, the KBBF crystal could also be employed for gen-
eration of UV radiation [10] and ultra-broadband optical
parametric amplification in visible region [11]. To under-
stand the frequency conversion processes in KBBF better,
we have recently developed a numerical model for nanosec-
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Fig.1 Schematic diagram of
experimental Z-scan set-up. ps
Laser: frequency-tripled
Nd:YAG picosecond laser at L 1 A
355 nm; A Attenuator; BS 50/50 BS
Beam Splitter; L/, L2 Lenses;

MT Motor Track; \
D1, D2 Detectors; AP Aperture

ond KBBF-SHG [4]. While for pico or femtosecond ultra-
short pulses with high peak power, the third-order nonlinear-
ity may introduce self-phase modulation (SPM) and cross-
phase modulation (XPM), which results in nonlinear phase
mismatching and reduces the optical conversion efficiency
during the frequency conversion process, it could also re-
sult in beam self-focusing or self-defocussing, pulse broad-
ening or compression, and distortion on temporal and spec-
tral profile of the pulse [12-15]. In addition, our recent ex-
periments show that there is considerable pulse-broadening
in the generated femtosecond DUV radiation via SHG in
KBBF. Therefore, the investigation on the third-order opti-
cal nonlinearity of KBBF is expected to be of great impor-
tance.

Many techniques have been developed to measure the
third-order nonlinear coefficients, such as nonlinear inter-
ferometry [16], four-wave mixing [17], nonlinear ellipse ro-
tation (NER) [18], and Z-scan [19]. The Z-scan technique
is often used because of its simplicity, sensitivity, accuracy,
and the ease of separation between nonlinear absorption and
nonlinear refraction.

In this paper, we report the first investigation on the
third-order optical nonlinearity of KBBF using single-beam
Z-scan technique. Both a c-cut KBBF plate and a KBBF
PCD were used for third-order nonlinear investigation with
picosecond laser pulses at 355 nm. No two-photon absorp-
tion was observed, and the signs of the nonlinear refrac-
tion index n, were found to be positive, indicating self-
focusing Kerr effects in KBBF crystal. The n, values were
estimated to be (1.75 £ 0.35) x 101 cm?/W with the c-
cut sample and (1.85+0.37) x 10°15 cmZ/W with the PCD,
and the corresponding effective third-order nonlinear optical
susceptibilities Xe(?f) were calculated to be (0.99 £ 0.20) x
10713 esu and (0.94 4 0.19) x 10~ '3 esu, respectively. Our
work would provide important information for the investi-
gation on nonlinear optical frequency conversion processes
of ultrashort pulses in KBBF.
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2 Experiment

The Z-scan technique is based on self-focusing or self-
defocusing of the laser beam in a thin nonlinear medium
with the sample thickness L shorter than the Rayleigh length
zo of the laser beam. The nonlinear two-photon absorp-
tion of the medium could be estimated by performing an
open-aperture Z-scan experiment, while the nonlinear re-
fraction can be extracted from a closed-aperture one. Fig-
ure 1 shows the schematic diagram of our experiment, in
which an autocontrol and processing system was adopted.
The laser source was a frequency-tripled picosecond mode-
locked Nd:YAG laser emitting linearly polarized TEMgg
pulses having Gaussian-shaped beam profile both spatially
and temporally at 355 nm (PL2143B, EKSPLA) with a rep-
etition rate of 10 Hz. The pulse duration for the fundamen-
tal wave at 1064 nm was 25 ps, and the pulse width was
estimated to be about 15 ps at 355 nm. The light passed
through a neutral attenuator (A) and then was approximately
equally split into two beams by a beam splitter (BS). One
beam was used as the reference to monitor the fluctuation of
the laser energy, and the other was used as the pump which
was focused onto the sample by a lens L1. The focal length
of the lens was about 30 cm, and the focused spot radius
wo in air at the focal point was about 17.1 um, correspond-
ing to a Rayleigh length z¢ of about 2.6 mm. The sample
was mounted on a motor track (MT), which was controlled
by a computer. As the sample moving along near the fo-
cal point, the intensity of the pump exiting from the sample
changed and so did the transmitted light after a far-field aper-
ture (AP). The transmitted pump light through the aperture
was collected by a second lens L2, and the transmitted pump
light and the reference signal were recorded simultaneously
by two synchronized detectors of D1 and D2 from a dual-
channel energy meter (EPM2000). The data from the two
detectors were averaged over ten laser shots and then pro-
cessed by the computer. When the aperture was removed,
open-aperture Z-scans were performed.

Two samples, a c-cut KBBF plate and a KBBF PCD for
frequency doubling of 355 nm radiation, were adopted to
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investigate the third-order optical nonlinearities in KBBF.
The c-cut KBBF plate was uncoated with dimensions of 6
(the a-axis) x 14 x 1.09 mm?>, where 1.09 mm is the thick-
ness along its optical axis (c-axis). For the KBBF PCD,
the KBBF crystal with the dimensions of 6 (the a-axis)
x 14 x 0.75 mm? (the optical c-axis) was sandwiched be-
tween two CaF; prisms through optical contact, and this
caused enlargement of the beam waist wg to \/n.wqy with
ne = 1.447 being the refractive index of CaF; at 355 nm,
therefore the Rayleigh length was n.zo in the CaF, KBBF
PCD case; The surfaces of both KBBF and the CaF; prisms
were also uncoated; The phase-matching condition is satis-
fied if the 355 nm laser propagates along the phase-matching
angle with the light polarization parallel to the a-axis, which
is illustrated in Fig. 2.

When performing Z-scan measurements on the c-cut
KBBEF, the light propagated along the optical axis of the
crystal, and the light polarization was along the a-axis.
While during Z-scans with the CaF,-KBBF PCD, the laser
impinged on the front face of CaF, prism perpendicu-
larly, resulting in an actual KBBF crystal thickness of L =
0.75 mm/ cos(0), with 6 being the refractive angle in KBBF
at the CaF,—KBBF interface. It should be pointed out that
the CaF,-KBBF PCD was for frequency doubling of 355 nm
radiation with light polarization parallel to the a-axis (E
a-axis), and the second-order nonlinear optical susceptibil-
ity may manifest itself in the Z-scans through the cascaded
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Fig.2 Structure of the optically contacted KBBF-CaF; prism-coupled
device (PCD)

effect [20]. Therefore, we performed the Z-scans with the
polarization perpendicular to the a-axis (E_La-axis) with the
PCD sample to avoid phase matching and second harmonic
generation.

In our experiment, the experimental error mainly origi-
nated from the determination of the beam waist, the pulse
width and the pulse energy entered the KBBF crystal. The
compound error was estimated to be about 20 %.

3 Results and discussions

The open-aperture Z-scan results with the c-cut KBBF and
the KBBF PCD are shown in Fig. 3(a) and Fig. 4(a), respec-
tively. It can be seen that both signals of the open-aperture
Z-scans were nearly flat, which indicates that nonlinear two-
photon absorption is negligible in our experiment. This is
anticipated because two-photon energy of the laser wave-
length at 355 nm is below the band-gap energy of KBBF
[21-23].

The closed-aperture Z-scans are sensitive to both the non-
linear absorption and nonlinear refraction. With small or ig-
norable nonlinear absorption in closed-aperture Z-scan ex-
periment, the light transmittance 7' through the far-field
aperture is described by [19]

4(APo)x
x2+92+1)’
where (A®y) is the time averaged phase shift and x = z/z9
is the translation coordinate normalized by the Rayleigh
length of the focused beam zg = kwg /2 with k being the
wave-vector. The time averaged phase shift (A@g) can be
determined by fitting the experimental data using Eq. (1).

Usually, (A®q) could be calculated directly from the rela-
tion [19]

T(x,(A®g)) ~ 1+ (I

ATy, ~ 0.406(1 — S)°% [(Ado)

., for|[(A®g)| <7 (2

where AT,y is the difference between the peak and valley of
the transmittance, and S, = 1 — exp(—2r2/w?) is the linear

Fig. 3 Z-scan results with c-cut 1.08 1.08
KBBF: (a) Open-aperture o 1.06[ o 1.06|
Z-scans, indicating no nonlinear o o
two-photon absorption; and E 1.04 § 1.04 |
= =
(b) closed-aperture Z-scans £ 1.02] . £ 1.02]
2 'y " "m Wy ﬁ.- L] u 2
E 1.00 |- :-F‘\ % g.. L 'l..ﬁvf.F‘ﬂ; S 1.00 |
© 098} ° 098}
@ - ]
N N
‘—E\, 0.96 - g 0.96
o 094 5 094}
4 4
0‘92 1 i 1 i 1 i 1 i i 1 i 1 0‘92 1 i 1 i 1 i 1 i 1 i 1 i 1
30 20 -10 0 10 20 30 30 20 -10 0 10 20 30
a Position (mm) b Position (mm)

@ Springer



304 F-Q.Lietal
Fig. 4 Z-scan results with 1.08 1.15
KBBF PCD: (a) Open-aperture 1.06 i
Z-scans, indicating no nonlinear e 8 1.10
two-photon absorption; and § 1.04 § -
(b) closed-aperture Z-scans ‘é 1.02 i "é' 1.05
o | u @ :
c - . c
g 1.00 .a-'.F"i,_-'..'l- . "‘_'.l"q._":'h 'l-.i'n'_-,.#_-_ g 1.00
< 098 ° [
.g I .&) 0.95
= 096 2 i
g 0.94 g 0.90
=z i 4
0.92 i 1 i 1 i 1 i 1 i i 1 i 1 i 0.85 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i
40 -30 20 10 O 10 20 30 40 40 -30 20 10 0 10 20 30 40
a Position (mm) b Position (mm)

transmittance of the far-field aperture with r, being the ra-
dius of the aperture and w, the radius of the laser beam on
the aperture. During our experiment, the aperture transmit-
tance S, was actually calculated after measuring the trans-
mitted pulse energies with and without the aperture, respec-
tively, when the sample was kept far away from the focal
point. Assuming a Gaussian temporal shape beam, the aver-
aged phase shift (A®y) is related to the peak on-axis phase
shift A®y by (Adg) = APy/./2. Thus, the nonlinear re-
fractive index n, is calculated from [24]

038w

ny & ————(Ady), 3
EpLeff

where A is the laser wavelength, 7, is the FWHM pulse
width, E}, is the pulse energy entering into the sample under
study, and Legr = (1 — exp(—a L))/« is the effective sample
length with « being the linear absorption coefficient and L
being the actual thickness of the sample along the optical
path. The linear absorption coefficient for KBBF was about
0.13 cm™! at 355 nm [4].

To determine the pulse energy entered the samples as ac-
curately as possible, we measured the energy ratio of the
incident laser on the samples to the reference beam before
the Z-scan measurements, and then the incident pulse en-
ergy on the samples could be calculated by multiplying this
ratio with the average pulse energy of the reference beam
recorded through the Z-scans. For the c-cut KBBF crys-
tal, the Fresnel reflection loss at the front face was taken
into account to further calculate the pulse energy entered the
sample exactly. As for the CaF,-KBBF PCD, there were en-
ergy losses caused by the Fresnel reflection at the air-CaF;
and CaF,—KBBF interfaces as well as linear absorption in-
troduced by CaF; prism in front of the KBBF crystal. The
Fresnel reflection loss at the air-CaF, interface could be cal-
culated from the linear refraction index of CaF,, and the lin-
ear absorption of the CaF, prism could be estimated from
the linear absorption coefficients of the CaF; crystal and the
light propagation depth in it. Because the linear refractive
index of CaFj is close to that of KBBF, we ignored the Fres-
nel reflection loss at the CaF,—KBBF interfaces. Thus, with
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the CaF,-KBBF PCD, the accurate pulse energy entered the
KBBEF crystal could be corrected by further subtracting the
losses mentioned above. It is worth mentioning here that the
laser pulse energy has to be selected carefully during our
Z-scan measurements, because at low pulse energy, there
would be relatively large fluctuations with the Z-scan curves
due to the low signal-to-noise ratio, while at high pulse en-
ergy, damage could occur to the KBBF sample. Thus, we
performed every Z-scan measurement at a moderate pulse
energy, and the results can be as trustful as that with the
measurements performed at several different pulse energies
[19, 25].

Figures 3(b) and 4(b) show the closed-aperture Z-scan re-
sults for the c-cut KBBF plate and the KBBF PCD, respec-
tively, where the dots are experimental data and the solid
lines are fitting curves with Eq. (1). It can be seen that the
closed-aperture Z-scan traces show valley-peak variations,
indicating positive signs of the nonlinear refractive index n;
and self-focusing Kerr effects in KBBF.

For the c-cut sample, the linear transmittance S, during
the experiment was measured to be about 0.24. The pulse
energy entering into the crystal was ~0.80 pJ after taking
into account the surface Fresnel loss. The nonlinear refrac-
tion index ny were then determined to be (1.75 £ 0.35) x
10715 cm?/W.

For the CaF,-KBBF PCD, the linear transmittance S,
was measured to be about 0.18, and the pulse energy en-
tered the crystal was ~0.97 uJ after taking into account the
losses caused by the linear absorption of CaF, and the sur-
face Fresnel reflections. To take into account the influence
of the CaF, prisms on the third-order nonlinear measure-
ments, we also performed Z-scans on a @ 20 mm x 2 mm
CaF, crystal under the same condition, and no nonlinear
response was observed with CaF, crystal. Therefore, we
concluded that the third-order nonlinearity observed in the
KBBF-PCD could be sorely attributed to the contribution
by the KBBF crystal. Taking into account the influence
of CaF, on the beam waist and on the translation coordi-
nates, the nonlinear refraction index n, were estimated to be
(1.854+0.37) x 10715 cm?/W.
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Table 1 Measured nonlinear

refractive index 1. Sample no [26] Sa Ep (W) n3 (10716 em? /W) X (10713 esu)
susceptibility Xe(sf) of KBBF
crystal at 355 i c-cut KBBF 1.497 0.24 0.80 175 (£0.35) 0.99 (£0.2)
KBBF PCD 1.419 0.18 0.97 1.85 (£0.37) 0.94 (£0.19)
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tical susceptibility Xe(f3f) according to [25] 33,282 (2008)
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