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BEAM DIVERGENCY STUDIES ON A LONG PULSE XECL 
EXCIMER LASER 

R.M. HOFSTRA, F.A. VAN GOOR AND W.J. WITTEMAN 
University of Twente 
P.O. Box 217, 7500 AE Enschede, The Netherlands 

Abstract. 
A nearly diffraction limited output beam was obtained from a hard edge 

confocal positive branch unstable resonator. Improvement of the far field 
energy profile can be obtained by using partial reflecting hard edge out- 
coupling mirrors. Further improvement can be obtained by using gaussian 
mirrors. 

1.   Introduction 

For the application field of our 1 kHz, 1 kW long pulse XeCl excimer laser 
developed by the Nederlands Centrum voor Laser Research (NCLR) [1], the 
divergence of the optical beam is of utmost importance. The active medium 
of this laser has large discharge dimensions relative to the size of the funda- 
mental gaussian mode of a stable plano-concave resonator. The beam from 
such a resonator is therefore multimode with a relatively poor divergence. 
With our system a 1.5 m long stable resonator consisting of a concave back 
mirror with a radius of curvature of 10 m and a flat partial reflector (50 % 
reflectivity) as outcoupling mirror resulted in a homogeneous, nearly square 
beam of 23 mm x 22 mm having a pulse energy of approximately 500: mJ 
and a divergence of 7 mrad (full angle). However a diffraction limited;beam 
of this size would have a divergence of about 30 /xrad. To decrease the diver- 
gence the number of oscillating modes should be decreased to, preferably, 
one fundamental mode with dimensions that fill the available gain volume. 
This can be done with an unstable resonator. For our system, having a low 
gain (2 - 6 % cm-1) compared to the commercially available short' pulse 
XeCl lasers and a long gain duration (approximately 250 ns),, a positive 
branch confocal unstable resonator is found to be the best choice (compare 
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Figure 1.    Typical waveforms of the discharge voltage, discharge current, x-ray preioni- 
sation pulse and optical output pulse 

refs. [2, 3, 4]), with outcoupling through the convex mirror to get a col- 
limated beam. In this paper we present a detailed experimental study of 
unstable resonators for a low gain, long pulse XeCl excimer laser. 

2.   Experimental configuration 

The experiments have been performed with a XeCl laser system having a 
2.5 cm x 2 cm x 60 cm (electrode distance x width x length) x-ray preionised 
high pressure discharge^]. The gas mixture during the experiments con- 
sisted of approximately 1 mbar HC1, 10 mbar Xe and Ne as a buffer gas 
up to a pressure of 5 bar. The discharge was excited by a spiker-sustainer 
circuit. The laser operates in resonant overshoot mode[6]. Figure 1 shows 
typical waveforms for the x-ray preionisation pulse, discharge voltage and 
discharge current. The efficiency is maximal if the system operates under 
matched discharge conditions, i.e. if the voltage on the pulse forming net- 
work (PFN) equals twice the steady state voltage of the discharge. The 
output can be increased by increasing the PFN voltage but then the ef- 
ficiency drops. If the PFN voltage is set too high the discharge becomes 
unstable and ends prematurely in streamers and arcs. To prevent electrode 
wear the system is operated under almost matched discharge conditions. 
The results presented in this paper are obtained under these conditions, 
unless stated otherwise. 

The near and far field profiles are measured using a gated image intensi- 
fied CCD camera. For the near field measurement the beam is transported 



255 

600 

C7   500 

I400 

§    300 

I-   200 
o 

100 

0 * 

r~ 
■ 8kV 

_ • 10 kV 

A 
A 

A* 

A 

A* 
A 

A A 

*    A 
A 

A 12 kY 

•• ' • 
• •• • • •• • 

—            • 
• ■ ■ " 

■ "     ■ • - ■■ 
■ ■■ 

—            ■ 
■ 

1 1  I 1 1            1 | 1 I i      1 

20 40 60 

Feedback [%] 

80 100 

Figure 2. Output energy as a function of the geometrical feedback for different charging 
voltages of the sustainer 

away from the laser with a relay imaging system consisting of two 50 cm 
focal length lenses placed 1 m apart. The focal plane of the first lens is just 
behind the outcoupling mirror to ensure that we have an exact image of the 
outcoupled field at the scintillator which is placed in de focal plane of the 
second lens. As a scintillator we use a thin film of a solution of sodium sali- 
cylate in water between two suprasil windows. To ensure that the response 
of the scintillator remains linear the beam is attenuated to about 1 % of its 
energy. The CCD camera we used showed some nonlinear response which 
was found to be related to the CCD and not to the image intensifier. Hence 
a correction can be made for this nonlinear respons. 

The focus field pattern is measured by focussing the attenuated beam 
(attenuation to about 0.05 %) on the scintillator using a concave mirror 
with a radius of curvature of 10 m. To obtain the image the CCD camera 
has been equipped with a microscope objective. 

3.   Stable resonators 

The simplest type of resonator is the stable resonator. Good energy extrac- 
tion from the gain medium is can easily be obtained if proper feedback is 
used. Figure 2 shows the output from a plane-plane resonator as a func- 
tion of the feedback of the resonator. For a stable resonator this feedback 
is solely determined by the product of the reflectances of the mirrors 

7 = R1R2 (1) 
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Measurements 
- Theoretical divergence 

Figure 3.     Divergence of the output beam from a stable resonator as a function of the 
radius of curvature of the rear mirror 

Figure 2 shows that for a sustainer voltage higher than 10 kV the output is 
more or less constant for a feedback between 20 and 70 %. If the feedback 
is far below 20 % the outcoupling losses are larger than the gain, hence no 
output beam can be formed. 

In our system where the discharge dimensions are much larger than 
the fundamental gaussian mode the output beam is multimode. This re- 
sults for stable resonators, especially for stable plano-concave resonators 
in an output beam that is very homogeneous in the near field. From our 
2.5 cm x 2.0 cm discharge (height x width) we obtained homogeneous nearly 
square beams with a size of about 23 mm x 22 mm. 

The problem with these stable resonators is their divergence. As the 
output beam is multimode the divergence is rather high in comparison 
with the diffraction limit. Figure 3 shows the divergence of different stable 
plano-concave resonators as a function of the radius of curvature of the rear 
mirror. In approximation the divergence is given by [7] 

(2) 

where D is the dimension of one side of the beam aperture, L is the length 
of the cavity and R the radius of curvature of the concave rear mirror. 
It is seen in figure 3 that the experiments are in good agreement with 
the theory except for the plane-plane resonator but for this resonator the 
approximation is not longer valid. 
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Figure 4. Near field profile (left) and focus profile (right) of the beam from a hard edge 
unstable resonator (M = 2.4) with a central HR spot of 8 mm diameter focussed by a 
10 m radius concave mirror 

4.   Hard edge unstable resonators 

To increase the size of the fundamental mode of the resonator one has to 
use an unstable resonator. An unstable resonator reaches this fundamental 
mode earlier if the magnification of the resonator is larger [8]. So the mag- 
nification ought to be chosen as large as possible within the constraints of 
the gain medium. In our system we found with the stable resonators a mini- 
mum feedback of 20 %. This minimum value of about 20 % for the feedback 
determines the choice of the magnification of the unstable resonator which 
is given by 

M = -f (3) 

where R\ is the radius of curvature of the outcoupling convex mirror and 
i?2 is the radius of curvature of the concave rear mirror. The feedback of 
an unstable resonator is given by 

i = w (4) 

Thus we used an unstable resonator with a magnification of 2.4 to have 
enough feedback (18 %). 

Hard edge unstable resonators are unstable resonators where the out- 
coupling mirror shows a step in the reflectance profile. This results in a step 
in the near field intensity distribution of the outcoupled beam. For symme- 
try reasons we used a centered reflecting spot on the outcoupling mirror, so 
that the outcoupled beam shows a cylindrical symmetry as shown in figure 
4. Figure 4 shows also a typical hard edge unstable resonator focus profile: 
not only a central peak but also a ring structure. 
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- Measured focus profile 

- Calculated from measured near field 

Figure 5.   Comparison between far field energy distributions from theory and experiment 

4.1.  HIGH REFLECTIVITY HARD EDGE UNSTABLE RESONATORS 

The beam profiles in figure 4 are obtained with a hard edge unstable res- 
onator with a magnification M of 2.4 and a central high reflectivity (HR) 
spot of 8 mm diameter. To determine the beam quality of this beam we 
calculated the Times Diffraction Limited (TDL) parameter [9]. This TDL 
parameter is based on the comparison of the measured focus energy dis- 
tribution and a calculated focus energy distribution. This calculated focus 
energy distribution is derived from the measured near field energy distri- 
bution using a uniform phase distribution. Figure 5 shows these two far 
field energy distributions for the above mentioned resonator. 

The TDL-parameter can now be determined using 

TDL On 

"exile 

( keale \ 

\ ™meas / 
(5) 

where 6meas and 0caic are the measured and calculated beam divergence 
respectively, and kmeas and kcaic the respective energy content within that 
divergence angle. So the TDL parameter does not only compare focus sizes, 
but also contains the energy content. A beam with a value 1 for the TDL 
parameter is a beam that is diffraction limited, not only with respect to 
size but also with respect to energy. 

The full divergence angle based on the first minimum is 32 ^rad for 
the measured beam and 30 fiv&d for the calculated beam. The measured 
beam has approximately 60 % of the energy within the central peak and 
the calculate beam 82 % of the energy. This results in a TDL-parameter 
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TABLE 1. Characteristics of and experimental results obtained with 
the laser equipped with different hard edge unstable resonator config- 
urations and operated under matched discharge conditions 

M      R [%]      DT [mm]      7 [%]      6d [/irad\      E [mJ]      T [ns]      k [%] 

2.4 100 8 17.7 32 339 160 60 

2.4 72 8 12.5 37 334 146 70 

2.4 45 8 7.8 31 305 146 50 

2.0 72 10 17.5 36 362 149 70 

1.6 45 12 17.5 34 359 160 30 

of 1.3 for our beam. Thus we reached almost the optimal result that can 
be obtained with this resonator. However, about 40 % of the energy is lost 
in side lobes. This loss of energy in side lobe(s) can be decreased by using 
partially reflecting hard edge outcoupling mirrors. 

4.2.  PARTIAL REFLECTIVITY HARD EDGE UNSTABLE RESONATORS 

Table 1 shows the characteristics of different hard edge unstable res- 
onators used in the experiments. R in table 1 is the reflectivity of the 
reflecting area and Dr its diameter. The geometrical feedback 7 = R/M2, 
which gives only an indication of the actual feedback, is determined by the 
magnification M and the reflectivity of the central area R and is indepen- 
dent of the size of the reflecting area. 9d is the full divergence angle based 
on the first minimum in the focus energy distribution, E the output en- 
ergy under matched discharge conditions, r the pulse duration and k the 
percentage of energy within the central peak. 

Figure 6 shows the focus energy distributions for the three resonators 
with the same magnification M = 2.4, mentioned in table 1. These res- 
onators are identical except for the reflectivity of the outcoupler. It is seen 
that the 72 % spot reflectivity leads to an improved focus profile. Less 
energy (about 30 %) is lost in the side lobe. Further reduction to a spot 
reflectivity of 45 % results in a focus that has a huge side lobe. 50 % of the 
energy is lost in this side lobe. This is probably caused by the outcoupler: 
due to the coating used to obtain the reflectivity profile a phase difference 
between the central part of the beam and the beam edge will exist. This 
phase difference results in more side lobe energy. Interferometric measure- 
ments show that the 70 % mirror has a phase difference of only 0.37T and 
the 45 % mirror a phase difference of n. 

Reduction of the reflectivity of the outcoupler results in a lower output 
energy as can be found in table 1. This is due to the lower feedback of the 
resonator, so that the output beam needs a longer build-up time, resulting 
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Figure 6.    Focus energy distributions from resonators with different central reflectivities 
(100, 72 and 45 %). The magnification M = 2.4 for all resonators 

in a shorter pulse. To keep the geometrical feedback similar for different 
central reflectivity values the resonator magnification has to be decreased 
for decreasing mirror reflectance. Experiments have been performed using 
resonators having equal feedback (see table 1). To ensure1 a proper filling 
of the discharge volume the size of the reflecting spot on the outcoupling 
mirror was also increased. This however has a negative effect on the di- 
vergence as the focus from a resonator with a larger mirror size is also 
somewhat larger. The obtained results were similar to those obtained with 
the resonators having equal magnification mentioned above. The 72 % re- 
flectivity mirror shows an improvement and the 45 % mirror a decrease of 
beam quality. The output energy is even somewhat higher for these two 
resonators. 

4.3.  PHASE UNIFYING OUTCOUPLING MIRROR 

The transmission phase difference of the 45 % mirror in the hard edge res- 
onator experiments was nearly IT. This phase difference can be decreased 
by using a special coating design: the phase unifying mirror [10, 11]. Exper- 
iments with such a mirror were performed with a resonator with magnifica- 
tion 1.6. Based on the coating a phase difference of only 0.167T is expected. 
Interferometric measurements on this phase unifying mirror show only a 
very small phase shift which was hardly measurable. The results obtained 
with this mirror were much better than those obtained with the normal 
45 % mirror. Figure 7 shows the focus spots of the standard mirror res- 
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Figure 7. Focus spots from a hard edge resonator with a magnification of 1.6 and a 
central reflectance of 45 % fitted with a standard mirror (left) and fitted with a phase 
unifying mirror (right) 

TABLE 2. Characteristics of and experimental results obtained with the 
laser equipped with different gaussian unstable resonator configurations 
and operated under matched discharge conditions 

M      Re [%]      Dr [mm]      7 [%]      6d [ßrad]      E [mJ]      r [ns]      k [%} 

2.4 65 8 11.3 25 412 144 43 

2.4 45 8 7.8 28 252 120 53 

2.4 17 8 3.0 27 212 115 55 

2.0 65 10 16.3 27 440 137 51 

2.0 45 10 11.3 37 342 129 64 

2.0 25 10 6.3 35 167 100 64 

1.6 45 12 17.6 50 ~200        ~130 

onator and the phase unifying resonator. The improvement is clear. The 
diffraction angle is comparable to the diffraction angle mentioned in table 
1 for the M = 1.6 resonator with 45 % central reflectivity: 34 jzrad, however 
approximately 80 % of the 399 mJ output energy is found in the central 
peak, instead of less than 30 % for the standard mirror. 

5.   Gaussian unstable resonators 

A hard edge outcoupler will always result in a side lobe because of the 
diffraction at the hard edge. A focus spot without side lobes requires a soft 
edge outcoupling mirror. We used nearly gaussian mirrors because they 
can be analysed mathematically too. In table 2 the characteristics of the 
used gaussian resonators are given. M is the resonator magnification, Rc the 
central reflectivity of the gaussian reflection profile, Dr is the 1/e2 diameter 
of this profile and 7 the feedback, which is given by Rc/M

2. 6d is the full 
divergence angle based on the 1/e2 width of the focus profile. E, r and 
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Figure 8.   The near field spots of two gaussian resonators. Left: M = 2.4 and Rc = 65 %. 
Right: M = 2.0 and Rc = 25 % 

k are the pulse energy, pulse duration and energy content within the full 
divergence angle respectively. 

We used the same magnifications as we used for the hard edge unstable 
resonator. This choice was based on the good results we obtained with those 
resonators. We used different reflectivities to be able to see the influence 
on the beam. The high central reflectivity results in a beam with a smooth 
edged central hole in the near field as can be seen in figure 8. The energy 
from this resonator is quite high (412 mJ under almost matched discharge 
conditions) due to good filling of the discharge volume. Figure 8 also shows 
the near field of a low central reflectivity resonator. It was designed to have 
a maximally flat near field. The condition for this is [7] 

RCM
2 = 1 (6) 

The energy from this resonator is rather low (167 mJ) because the discharge 
volume is not properly filled and the optical pulse is shorter (100 ns) due 
to the low feedback. The beam is flat topped as expected. 

It can be seen from figure 9 that the central hole in the near field of 
the M = 2.4 and Rc = 65 % still leads to a small side lobe. Calculations 
show that this is in accordance with theory. Even from the maximally flat 
resonator (M = 2.0 and Rc = 25 %) still a very small side lobe is expected 
from theory. The experiments show a slightly wider focus with a low but 
wide shoulder as shown in figure 9. This shoulder results in a lower energy 
content within the 1/e2 diameter (0d). In table 2 the energy content within 
the divergence angle is given for the gaussian resonators. For the M = 2.0 
and Rc = 25 % resonator an energy content of 84 % is expected from theory 
and the experiments resulted in 64 %. The calculated divergence angle is 
21 /zrad and the experimental value is 35 ^rad, thus resulting in a value for 
the TDL parameter of 1.8. 
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— Measured focus profile 
'-Calculated from measured near field 

Figure 9.      Measured and calculated focus energy distributions for two gaussian res- 
onators. Left: M = 2.4 and Rc = 65 %. Right: M = 2.0 and Rc = 25 % 
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Figure 10.    Output energy as a function of the sustainer voltage for different resonators 

6.   Performance comparison 

In the previous sections we only looked at the divergence and the beam pro- 
files. In this section a comparison will be made between the resonators with 
respect to output energy, pulse duration, average power and brightness. 

Figure 10 shows the output energy of different resonators as a function of 
the sustainer voltage. It is seen that except for the highest sustainer voltage 
the highest output can be obtained with a stable resonator. The hard edge 
resonator shows an output energy reduction of about 20 % compared to 
the stable resonator. With the high central reflectivity gauss resonator it is 
possible to extract a similar amount of energy from the gain medium as with 
the stable resonator, especially for higher sustainer voltages.  However, the 
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Average pulse power as a function of the sustainer voltage for different 

pulse duration is much shorter for the gaussian resonators as can be seen 
from figure 11. This pulse duration is even shorter than the pulse duration 
from the hard edge unstable resonator. This results in the highest average 
pulse powers, which is defined by the energy divided by the pulse duration 
(= E/T), for the high central reflectivity gaussian resonator as seen in figure 
12. 

The brightness of the beam is a convenient parameter to compare the 
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output from the different resonators. The brightness can be defined as 

(7) 

Under matched discharge conditions, VPFN = 8 kV, we obtained from the 
HR hard edge resonator a brightness of 5.5*1014 W/(cm2-sr). This is an 
enourmous increase compared to the brightness from the stable plano- 
concave resonator: B = 1.5*1010 W/(cm2-sr). This could be futher in- 
creased to 1.2*1015 W/(cm2-sr) if we pushed the discharge to its limits. 
With the phase unifying resonator a slightly larger brightness could be 
obtained: 7.0*1014 W/(cm2-sr) under matched discharge conditions and 
1.4*1015 W/(cm2-sr) maximally. The gaussian resonator with M = 2.0 and 
Rc = 65 % resulted in a brightness of 9.1*1014 W/(cm2-sr) under matched 
discharge conditions. Hence under matched discharge conditions the best 
results are obtained with the gaussian resonator. 

7.   Conclusions 

In this paper we presented results from measurements on different resonator 
designs for a long pulse, low gain XeCl excimer laser. A stable piano concave 
resonator with 50 % feedback results in a homogeneous nearly square beam 
with 500 mJ output energy and 7 mrad divergence under matched discharge 
conditions. With a high reflectivity hard edge resonator having a magnifica- 
tion of 2.4 a 1.3 times diffraction limited beam can be obtained. This beam 
has under matched discharge conditions an output energy of about 340 mJ, 
a divergence of 32 /xrad and a brightness of 5.5*1014 W/(cm2-sr). The energy 
content of this beam within the divergence angle is about 60 %. We have 
shown that this can be improved by using partial reflecting hard edge out- 
couplers. Attention has to be paid to the phase distortion by the outcoupler. 
This can be diminished by using a phase unifying outcoupler. This resonator 
resulted in a beam with about 400 mJ output energy, 34 ßT&d divergence, 
an energy content of about 80 % and a brightness of 7.0*1014 W/(cm2-sr). 

To reduce the side lobe energy further soft edge mirrors have to be used. 
We have shown that with a resonator having a magnification of 2.0 and a 
central reflectivity of 65 % a beam with 440 mJ energy and 27 /xrad diver- 
gence can be obtained under matched discharge conditions. The brightness 
of this beam is 9.1*1014 W/(cm2-sr). Thus the best results were obtained 
using gaussian resonators. 
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