
Abstract. The 908 phase-matching SHG is performed for
microsecond single pulses from a Nd3+ :YAP laser in a KTP
crystal with the 29% conversion eféciency. The 908 phase-
matching temperature is 54 8C. The crystal surface damage
threshold measured without and with an antireêection coating
was 107� 11 and 40� 4 J cmÿ2, respectively.
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1. Introduction

At present the eféciency of doubling nanosecond radiation
pulses from lasers emitting in the micron range is studied in
detail and the high SHG eféciency has been achieved. For
example, the SHG eféciency for 8-ns single pulses from
Nd3+ :YAG in a KTP crystal amounts to 80% [1]. How-
ever, frequency conversion of microsecond pulses has not
been adequately investigated, although doubling microse-
cond pulses is important in practice, for example, for laser
lithotrypsy [2, 3].

In this paper, we study theoretically and experimentally
the possibility of building a highly efécient frequency doub-
ler for microsecond laser single pulses.

2. Conversion optimisation

To achieve the efécient frequency conversion of radiation
with the power density below 1.0 MW cmÿ2, the radiation
should be focused into a nonlinear crystal. At focusing
angles equal to several degrees, the 908 phase matching
should be realised. To solve this problem, one should
choose the radiation wavelength, the type of a nonlinear
crystal and its length, as well as the focal distance of a lens.

The 908 phase matching at the wavelength 1064.2 nm of
a Nd3+ :YAG laser can be obtained in two crystals,
Ba2NaNb5O15 and LiNbO3. At the wavelength 1079.6
nm of a Nd3+ :YAP laser, the noncritical phase matching
can be achieved, except the above crystals, in a KTP crystal
(noncritical in both angles). The angular phase-matching
width of all these crystals is approximately the same, but a
narrow temperature phase-matching width and a low radia-
tion resistance of Ba2NaNb5O15 and LiNbO3 crystals make
the use of a KTP crystal preferable.

To obtain the maximum conversion eféciency, the length
of a nonlinear crystal and the focusing angle of radiation
should be optimised. The radiation power density should
not exceed the damage threshold of a doubling crystal.

The phase-matching direction in a KTP crystal at room
temperature at the emission wavelength of a Nd3+ :YAP
laser lies in the xz plane at the angle y � 85ÿ 888 to the
crystal axis (for crystals grown by different methods). The
phase matching along the x axis is achieved by crystal
heating. In this case, the phase matching is noncritical in
both angles and has the maximum angular width 2Dj �
128 cm1=2, 2Dy � 4:58 cm1=2. The temperature phase-match-
ing width is 2DT � 17:5 8C. The temperature of crystal hea-
ting required for obtaining 908 phase matching is 153 8C
according to Ref. [4] and 63 8C according to Ref. [5].

The SHG for focused Gaussian beams was considered in
the éxed-éeld approximation in Ref. [6]. The equations were
obtained assuming that the focusing angle is much smaller
than the angular phase-matching width and all the spatial
radiation components have the same wave mismatch. The
expression obtained in Ref. [6] represents a product of two
groups of parameters, one of which takes into account the
rise of the radiation power due to coherent accumulation of
the second harmonic radiation, while the second one takes
into account a change in the radiation power density over
the nonlinear crystal length (the aperture function).

In the general case, similarly to Ref. [6], the conversion
eféciency Z can be represented as a product of three factors:
the coefécient Zn taking into account coherent accumula-
tion of collimated radiation over the interaction length, the
coefécient Zr describing the ratio of the radiation divergence
to the angular phase-matching width, and the coefécient Zp
taking into account a change in the radiation power density
over the crystal length:

Z � ZnZrZp. (1)

In the case of 908 phase matching over both angular
coordinates, the displacement of the beams and the wave
detuning are absent. In this case, the aperture function from
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Ref. [6] has the analytic form

Zp � arctan2�x�=x 2, (2)

where x is the parameter of radiation focusing. Hereafter,
we use the notation from Refs [6, 7]. It follows from (2)
that for x < 0:1 in the case under study, a change in the
power density over the crystal length can be neglected.

The inêuence of the radiation divergence (of the focusing
angle) in the problem under study can be taken into account
with the help of the expression
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where F (j; y) is the angular distribution of the radiation
intensity.

The dependences of ZrZp on the KTP crystal length for
different focusing angles c are shown in Fig. 1. Of all the
mechanisms considered here, the shortening of the inter-
action length is the main factor that reduces the conversion
eféciency.

The conversion eféciency for a collimated beam (in the
waist) is

Zn ����
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(4)

where I10(x; y; t� is the incident fundamental radiation
intensity; deff is the effective nonlinearity coefécient; Lcr is
the length of a nonlinear crystal; n is the refractive index of
the crystal; l10 is the fundamental radiation wavelength in
free space.

Fig. 2 shows the dependences of the conversion eféci-
ency Z on the crystal length for different focusing angles c
provided by different focusing systems at a éxed laser-pulse

energy of 175 mJ and a pulse duration of 900 ns. We used in
our calculations the coefécients of the nonlinear suscepti-
bility tensor from Ref. [8]. At c � 28, the high conversion
eféciency cannot be obtained because of a low radiation
power density. At c � 68, the low conversion eféciency
caused by limitations imposed by mechanisms (2) and (3).
In addition, at c � 68 in the case under study, the radia-
tion power density is approximately 40 J cmÿ2, which is, as
shown below, is comparable with the crystal damage thres-
hold.

3. Experimental studies

We used in our experiments actively Q-switched Nd3+:YAP
laser with a pulse duration of 900 ns, a pulse energy of
130 mJ, and a pulse repetition rate of 6 Hz. The fraction of
depolarised output radiation did not exceed 3.8%.

We measured the crystal damage threshold and the con-
version eféciency. All the crystals studied were êux-grown at
the Institute of Mineralogy and Petrology, Siberian Divi-
sion, RAS (Novosibirsk).

No data about the damage threshold of a KTP crystal
upon irradiation by microsecond pulses were available to us.
According to Ref. [9], the damage threshold of this crystal
was measured upon irradiation by 10 ë 30-ns single pulses.
The damage threshold of êux-grown KTP crystals irradiated
by 30-ns, 1064.2-nm pulses was 330 MW cmÿ2 (10 J cmÿ2)
[10]. The damage threshold of hydrothermal crystals ir-
radiated by laser pulses of the same duration was 150
MW cmÿ2 (4.5 J cmÿ2) [11] and for 125-ms pulses the thres-
hold was 1 MW cmÿ2 (125 J cmÿ2) [12].

Because the laser that we used was not single-mode and
single-frequency, we could not treat the damage threshold as
a characteristic of the crystal material. We studied the resis-
tance of the crystal to the laser radiation used in different
applications. Because the damage of the output face of a
crystal is usually caused by a combined action of the fun-
damental radiation and the second harmonic, we performed
measurements for the total radiation (the second harmonic
and the unconverted fundamental radiation). For this pur-
pose, the laser radiation was converted to the second harmo-
nic in a separate KTP crystal with a conversion eféciency of
20%. The total radiation was focused on the front face of
the KTP crystal under study (Fig. 3). The measurements
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Figure 1. Dependences of ZrZp on the crystal length L for different angles
of radiation focusing.
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Figure 2. Dependences of the second harmonic energy Z on the crystal
length L for different angles of radiation focusing.
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were performed for two samples ë without an antireêection
coating and with a Ta2O5/SiO2 antireêection coating. To
improve the accuracy of measurements of the energy distri-
bution, we constructed an enlarged image of the radiation
spot in the plane B. The energy density at the fundamental
wavelength and the second harmonic was measured inde-
pendently by the method of interchangeable apertures, as in
Ref. [13].

The distributions of the energy density for the funda-
mental radiation and the second harmonic on the input face
A of the crystal under study with an antireêection coating
are shown in Fig. 4. The damage threshold was deéned as
the energy density at which a spark was observed on the
input face of the crystal within 2 ë 3 s after the onset of
irradiation. The damaged surface exhibited distinct circular
indentations of diameter 50 ë 100 mm. The size of inden-
tations depended on the irradiation time. After prolonged
irradiation for 60 s, the indentation diameter increased up to
500 ë 1000 mm. The surface damage threshold measured
upon simultaneous irradiation by the fundamental and
second harmonics was 40� 4 J cmÿ2.

The surface damage threshold for the crystal without an
antireêection coating, which was measured in a similar way
upon simultaneous irradiation by the fundamental and
second harmonics, was 107� 11 J cmÿ2.

The conversion eféciency was measured for two samples
of section 4 mm� 4 mm and length 15 and 20 mm. The
phase-matching directions measured at room temperature
lie in the xz plane and make angles 87.5 and 92.58 with the z

axis. At the crystal temperature 54 8C, the 908 phase
matching is realised, which is close to results obtained in
Ref. [5]. The temperature obtained in Ref. [4] is obviously
not typical for êux-grown crystals, because the method of
crystal growth was optimised in Ref. [4] for obtaining high
temperatures for 908 phase matching.

The maximum conversion eféciency for a 15-mm long
KTP crystal was 20% for the fundamental radiation energy
of 173 mJ. The best results were obtained for a 20-mm long
crystal, where the conversion eféciency was 29% for the
same pulse energy (173 mJ). The experimental dependence
of the second-harmonic energy on the fundamental radia-
tion energy is shown by points in Fig. 5. The solid curve is
calculated by the method described above. The maximum
energy density at the output face of the nonlinear crystal
was 14.4 J cmÿ2, which is substantially lower than the
damage threshold. The KTP crystal worked in this regime
for several hours. The results obtained above show that the
SHG eféciency can be quite accurately calculated using the
method described in this paper.

4. Conclusions

We have demonstrated the 908 phase-matching SHG with
the 29% conversion eféciency in a 20-mm long KTP crystal
irradiated by 1079.6-nm, 900-ns pulses from a Nd3+ :YAP
laser. The 908 phase matching was realised at a temperature
of 548C. The surface damage threshold for the KTP crystal
was 107� 11 J cmÿ2 without an antireêection coating and
40� 4 J cmÿ2 with the coating.
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