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RHODAMINE 6G WAVE FUNCTIONS

(a) {b} and 9'32 =
¢}
cé
~0C,Hg
Hsc OO‘ CH._,. [H]
H\‘ﬁ . ) H;N 4 7 -'!;(H
HgCy HgCyp CaHs

FIG. 2. Chemical symbols for two *‘resonant’’ forms of the struc-
ture of the rhodamine 6G dye molecule and the wave functions to
which this resonance gives rise.

(a) ETHYLENE (b) BENZENE
HL=CH, CHe o O

FIG. 3. Chemical symbols and schematic three-di-
mensional representations of the electron density dis-
tributions, for (a) a double bond system, ethylene, and
(b) a conjugated double bond system, benzene. The
shapes show the surfaces of constant electron density
except for distortions necessary for clarity in depicting
the overiapping o-bond and m-bond electron clouds.
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Wavelength (in nm) of absorption maximum for thiacyanines

Number of conjugated double bonds j =

2 3 4 5
Calculated 395 521 649 776
Experimental 422 536 652 760
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Flgure 4. Schematic potential energy wells constructed to be consistent with the measured spectra for the

(c)

30

20

PHOTON ENERGY E;—E;

rhodamine 6G dye molecula, (a) The potential energy versus generalizad structural coordinate (nuclear separation)
for the first thres singlet, and first three triplet energy bands. Laser light absorption and emisston (at pump and
dye laser wavelengths) are indicated by heavy arrows, non-radiative (collision) processes by light arrows. (b}

Thermal equilibrium sublevel popuiation distributions in these six bands (only the lowest three are appraciably

populated). (c) Absorption and emission cross sections measured for this dye (except that the triplet absorption

between Sk to 14k cm™! is inferred from spectra on similar dyes).
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Fig. 1. Pumping cavity.
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DYE LASERS
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MIRROR

(b)

\-n ANTI-REFLECTION

e ow REFRACTIVE COATING
o INDE X

FIG. 5. The original short-pulse tunable dye oscilla-
tor. (a) The layout by Héinsch, with an intracavity tele-
scope to increase the resolution of the grating. (b) One-
dimensional beam expansion in a prism with high
incidence angle on the input face and normal incidence
on the exit face. A series of four prisms, arranged for
no net dispersion, makes up the ‘‘quad-prism ex-
pander” that has replaced the Hiinsch telescope.
[Adapted with permission from Klauminzer, G. K.
(1977). IEEE J. Quantum Electronics QE-13, 103. ©
1977 1EEE.]
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controlled and the linewidth narrowed by a frequency stabiliz
shown). (Courtesy of Coherent, Inc., Palo Alto, Calif.)
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FIG. 8. (a) Astigmatism of an off-axis spherical mir-
ror and (b) its compensation by a Brewster plate in a
three-mirror focusing cavity, as originally used for
standing-wave ¢w dye lasers.

DYE BEAM

AXIS JET

Y= ¥, ¢n( TO HR
DISTANCE
D

FIG. 9. Enlarged view of the Jet, replacing the dye
cell inside the circle C of the three-mirror cavity of
Fig. 8b, showing the standing waves of the first fre-
quency to lase locally depleting the gain or “‘burning
spatial holes.” This leaves gain regions unaddressed
and allows a second frequency to lase.
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Table 1. Pulsed dye-laser performance

Pump laser Pump Output dye Repetition rate Comments
wavelength energy/pulse
Frequency-doubled* 532 nm up to 150 m} up to 50 Hz** visible pump;
Nd:YAG laser pumgps red region of visible
Excimer laser 308 nm up to B0 mJ up to 400 Hz XeF and KIF excimer lasers
(XeCl) can be used to pump dyes
Nitrogen laser 337 nm up to up to 100 Hz low-cost, low-energy UV;
70 ) (usually 20 Hz) can use sealed dye cell
Linear flashlamp broadband uptoSJ up to 20 Hz tunable output from 430 to
750 nm; as rep rate increases,
\ energy decreases; very long
pulses {0.4 ms} possible
Coaxial flashlamp broadband up to 400 ) up to 50 Hz tunable output from
220 to 960 nm; as rep rate
increases, energy decreases
Copper-vapor laser 510 nm upto2ml up to 10 kHz high rep rate;
578 nm visible pump

* Frequency-tripling available for UV pumping
** podedocked Nd:YAG lasers for Mz repetiti

on rates, but low energy/pulse

=25
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Pulsed dve lasers: 509 of total dye laser market, thereof -

- 50 % excmer laser pumped (308 nm)
- 50 % Nd:YAG laser pumped

o  High spectral resolution - 500 MHz possible -
sufficient for sub-Doppler spectroscopy

o  Highpeak power- > 10 MW possible -
allows efficient doubling, and mixing of
laser wavelength from YUV to IR

0 High average power (puise energy x rep rate) - > 15 W possibie -
allows fast signai processing ( gated detection )
instead of single photon counting

o  Short pulse duration - << 10 ns possible -
allows time resclved spectroscopy of excited
electronic states

>3
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Single-mode operation of graZihg—incidence pulsed
dye laser |
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Raseorch Loborolory of Electronics end Department of Physics, Messachuselts Institule of Technology, Cambridge, Massachuselts 02139
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dinal cavily mede with 2 single-shot lmawidth of less thes 300 MH:z and a time-averaged linewidih of 750 MHz.
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Fig. 2. Schematic of double-grating pulsed dye laser.
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THE LUMONICS EPD-330 DYE LASER
AND A COMPARISON TO
TEZ LAMBDA PHYSIK FL 2002 DYE LASER

I. Introduction

The Lumonics %PD-330 dye laser oscillator is not a new design, but is a
rebirth of the design developed independently in 1977 by Littman and
Metcalf at MIT, by Moya at Quantel (France), and by Shoshan at Technion
(Isreal). Called the "grazing~incidence oscillator,” this design uses a
grating at a high angle of incidence (>80 degrees) and an outrigger mirror
which rotates to tune the wvavelength. .

The advocates of this design claim numerous advantages over the traditionmal
Bansch oscillator, including simplicity, parrower lirewidth without etalous,
and constant linewidth (in vavelength units) over the full tuning range "of
the laser. ZLured by these claims, the three leading mamufacturers of pulsed
dye lasers, Lambda Physik, Molectrom, and Quanta-Ray, evaluated this design
in detail in 1977 and 1978. Each rejected this design in favor of the
Hansch oscillator, concluding that there are severe fundamental limitations
to the grazing—incidence oscillator which, while tolerable in a home-made
laser, are intolerable in a commercial instrument.

The following discussion describes the Lumonics dye laser in detail, both
oscillator and amplifier, and compares it to the Lambda Physik FL 2002. The
theory of both oscillators is discussed, followed by uvnique features of the
Lumonics laser and a performance comparison between the. Lumonics and Lambda
Physik lasers. :

I1I. Design Theory

A. General. Essentially all dye lasers wvhich use a grating follow the
standard spectrometer grating equation shown below,

ni = d(sin o * sin B) (1)
in which n = grating order
A = wavelength
d = groove spacing ¢f the grating
a = angle of incidence
B = angle of diffraction (exit angle)
+ = f on same (+) or opposite (=) side of grating normal as a.

M = besm expander magnificatiom
2w = active dye cross section
G = illuminated width on grating

» ) - -
¥ r' )
r 3
2w U
beam expander dye cell output

couplar
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Note that for a Littrow configuration (Hansch‘oscillator), a=g=8 and (1)

reduces to, - ; _
oA = 2d sin 8 (Llﬂmm) (2)

Equation (1) applies to the Lumonics design, while equation (2) applies to
the Lambda Physik design.

The following derivation of linewidth and resolution deals with the more
general case of equation (1) in order ta preserve the similarities between
the twvo designs. The results are easily modified later for the Lambda
Physik laser. The goal of the derivation is to explain how the lipewidth

and resolution vary with wavelength for each design.
Differentiating (1) yields,

nAl = d cos B AB - - (3)

and combining terms gives for the linewidth,
- X cos B 4
aA (sinc:sinﬁ) ()

Note that the linewidth does not depend om either the grating order ox the
groove spacing, but only om the gratinog angle znd exit acceptance angle A8.
0f course, the grating angle depends on both n and 4, bur it is interestiag
to note their absence in the above expression. - By expressing the linewidth
in this manner, one can easily see that parrow linewidth is achieved by high
grating angles a and 8, and by s small exit acceptance angle Ag, analogous
to a narrow slit on a movochromator.

This exit acceptance angle can be treated easily if we choose the
theoretical minimum value, the divergence of a beam of width G:

A8 = 22/%6 (dx Vroebv bw\:\' !)(5)

Using this expression for 48, and noting that G = wM/cos ¢, (3) becomes,

d A cos a cos B )

82 f rowM

A more important parameter to consider is resolutionm rather than linewidth.
Resolution R is defined as 1/AX or v/Av. Re-arranging (6) gives,

o wM
d cos a cos 8 )

R =

¢
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8. Lumonics EPD-330 Oscillator. The choice of parameters for the Lumonics
grazing-incidence oscillator is as follows: -

416 .67mm (iAOO lines/mm holoﬁrapﬁic grating)’

d =

g = 1 (higher orders are oot possible)

M = 15 (4-prism expander)

a = 85 degrees

3 = =13.2 to +53.5 degrees for 320-750um range
29 = 0.5mm (approximately; depends on pump energy)

.Inserting these mumbers into equation (7) gives g = 350,000 at 580mm. But

the grating is used double-pass, so. this value should be increased by to
approximately 500,000, or 1.5 times the observed value of 200,000. This
result is mot unexpected because the beams are not diffraction-limited, and

because for AS8 we used the theoretical miniamum value. The important result
Using the observed

is that (7) gives the correct functional relatiomship.
value, we can novw yrite for the Lumonics oscillator,

R l;s = 185,000/cos B - (8)

. C. Lambda Physiﬂ FL 2002 Oscillator. The choice of parameters is as
follows:

d = 1666.7om (600 lines/mm)
n = 3 to 8 depending on vavelength

M = 66 (4~-prism expander)
8 = 42.5 to 72.5 degrees for 320-970um range

(orders overlap)
2% = 0.5 mn (pproximately; depends on pump energy)

Before we can apply these figures, we must modify expression (5) for AB to
correct the maximum besm vidth from G to (wM). The effect is to delete cos
from (7), so that for the Littrov configuration, R is

TawM . -
d cos 8 (9)

R=—{cos 8

Inserting the parameters3 above gives R = 300,000 at 580nm, or 3 times the
observed value of 100,000. Using the observed value, the resolution for the

Lambda Physik FL 2002 oscillator is

R _p = 10,000 (a/cos 8) (10)

D. Conclusioms. Within reasounable limits, equations (7) through (10)
accurately describe the resolution as & function of the several parameters.
The graph below shows this resolution as a function of wavelength for both
designs. The obvious difference between the two is that the Lambda curves
are discontinuous, reflecting the use of several grating orders.
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I1II. Upique Features of the EPD-330

While the Hansch oscillator 13 generally well~knowa, the gra:ing-incidence
oscillator used by Lumonics is not 3s familiar to most creaders. This
section point3 out the unique Zeatuzres of the Lumomics oscillator, many of

which have an effect om the performance described in the neXt section.
A. Higher resolution vithout an etalom.

The resoluticn R is generally higher than that of the Hansch design because
more grating grooves are illuminated. Bowever, there is 2 1imit to the
resolution, beyond which frequency jitteT, caused by dye jghomogenieties
and mechanical vibrations, are significant. Measured figures at 580um for
dye inhomagenie:y-:elated jitter are ijn the range of 0.02cm-1 for
YAG-pumping (532om) and 0.04cm~1 for UV pumping with ao axcimer, nitzogen
or YAG laser (355om). Thus the laser pandwidth (without atalon) must

remain comfortably above thesa figures.
B. Two gratings required.

Yor the 2400 lines/mm grating chosen by Luymonics, the maximum vavelength is
750mm. In order -to operate at ‘higher wavelengths, this grating must be
replaced by one with 1800 1ines/mm. The coarser 600 lines/m2 grating in
the Lambda Physik design has an upperl wavelength limit of 3200um, far

beyond available dyes; thus there is mever 3 peed to change the grating.

C..Conétant 1inewidth.

The lipewidth (wavelength units) of the Lumonics design is gearly comstant
over the tuning Tange of the grating. (In equation (6), the product of
- yariables and cos 13 almost constants) This result is simply 2
peculiarity of the design. 1f the linewidth 18 expressed in energy units

(properly called "yandwidth™), the result varies by a factor of four.over -

the 320-970um range (see figures below) . Resolution is 2 better figure of

merit than either 1ipewidth or bandwidth.

1o the lower figure Ve can see & peculiarity of the Hansch design - the
bandwidth range repeats jrself for each order. ForT future reference, the
bandwidth of either oscillator with an jontracavity etalon is sbhown.
i{ncidentally, 2as displayed in the figure, an etalon ‘8 2 device with a
constant, OF near—constant, bandwidth.
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D. The Lumonics has a degemeracy point mnear 415om at which the grating and
outrigger mirror are parallel. On both sides of this vavelength, a secound,
simultanecus output wavelength occurs along the ray path shown in the figure
below. As long as this secound vavelength is within the tuning range of the
dye, it will compete with the primary wvavelength., Clearly all dyes in the
380-450um region are effected.

An obvious means of eliminating this unvanted wavelength is to rotate the
grating about an axis normal to its surface and compensate by tilting the
outrigger mirror. While this approach can work at ome wavelength, it
‘destroys the fundamental cavity aligament necessary to operate at all
wavelengths. Thus the cavity must be re-tuned at other wavelengths. 1In
addition, such an approach introduces az error into the sipe drive
calibration. :

440
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410

400
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IV. Performances Comparison

A. Linewidth (standard)

At lopger wavelengths, the Lumonics linewidth is less than that of Lambda
Physik. However, below about 450nm, the Lambda Physik is less oun the
average. MNote that in the Lambda Physik design, there is often a choice of
grating orders, one (always the higher one) offering narrover lipewidth and
the other offering a larger linewidth but gemerally higher efficiency.

B. Linewidth (optional)

The Lumonics laser has 2 user-adjustable option of increasing the grating
angle about 2 degrees to reduce the limewidth to 0.002am from 0.003nm.
Output efficiency is reduced 30-40Z.

The wavelength changes introduced by dye inhomogenieties and mechanical
vibrations are now comparable to the laser linewidth, so that extTeme
caution must be used in interpreting resulrs. At 580mm, the bandwidth is
0.06cm~1, while the jitter may be 0.05cm-1.

The Lambda Physik FL 2002E uses an air-spaced intracavity etalon to reduce
the bandwidth to 0.03cm~1. Although the etalon is an expensive component,
and requires synchronmous scanning with the grating, it has the overriding
virtue of extreme frequency stability. Because it is used at near—zero
incidence angle, its frequency is virtually insensitive to changes in
angle; and because the spacer is made of a zero-coefficient material (as is
the grating), its frequency is insemsitive to changes in temperature.

Thus the etalon eliminates the frequency jitter inherent in the oscillator,
and, in principle, converts it to amplitude fluctuationms. But the
oscillator is followed by a saturated amplifier, so such fluctuatiouns are
attenuated., The result is an output with .unmatched frequency stability and
amplitude fluctuations no worse than without an etalon. Furthermore, output

efficiency is reduced by no more than 10Z.

The newest dye laser, model FL 2002EC adds 2 confocal Fabry-Perot etalon
after the oscillator but before the saturated power smplifier. Bandwidth:is.
reduced to a transform-limited value of 0.005cm-1 (150MEz), easily the
smallest bandwidth available in any cowmercial pulsed dye laser.

C. Efficiency

Both standard dye lasers operate with an efficiency of about 10Z. Values
as high as 14% at 480am are achieved in both. For the narrow linewidth
option, bowever, the Lumonics efficiency 'decreases 30-402 while that of the
Lambda Physik decxreases only 10Z.
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D. Background (Amplified Spoutaneous Emission — ASE)

The Lumonics dye liser uses only a delay line in the amplifier sectiom to
reduce ASE to about 3% of the laser output, 2 result easily achieved in most
lasers. As pump powers increase, or as the wavelength is tuned to the
blue/UV or the edges of a dye range, ASE increases, oiten drastically.

The Lambda Physik FL 2002, in addition to 3 delay line, incorporates a
spectral filter after the oscillator ("Lambdapure" filter) to elimipate
virtually all the broadband background coming from the oscillator dye cell.
The result is a2 maximua integrated ASE background of 12 anyvhere in the
spectrum, and typically less than 0.1% at the peak of rhodamine 6G. This
background is a factor of 10 lower than that of any other commercial laser.

E. Frequency sensitivity

Raving mentioned that frequency jitter is common to all dye oscillators
(without etalon), we now calculate the angular "perturbation" required to
change the wavelength an amount equal to the.lipewidth. All figures are at
580nm for convenience.

For the Lumonics laser, we use equation (4):
AX = 380 A8 (om) (11)

Inserting the linewidth value of 0.003mm,

AB = 8 prad (12)

For the Lambda Physik laser, ve use (4) with a=fm0:

AX = 165 A6 (om) (13)
Inserting the linewidth value of 0.006om,

A8 = 36 yrad | (14)
There are two results to these calculatioms:

1. Without regard to linewidth, the Lumonics oscillator is
roughly a factor of two more sensitive to angular
perturbations than the Lambda Physik laser. This result
‘applies not only to frequency jitter, but to alignment

sensitivity as well,

2. The Lumonics oscillator is roughly a factor of four more
sengitive to perturbations producing a shift equal to the

linewidth.

Of course, as the linewidth of any dye laser is narrowed, it becomes more

sensitive (again, only without etalon). The point is, that whatever the
design, normal perturbatious should be a small fraction of the linewidth.

&
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F. Beam quality

Beam quality of a pulsed dye laser is difficult to describe quantitatively.
Normally, indirect measures are used.

Lumonics describes up to 20% conversion efficiency when frequency doubling
in ZD0 P. However, most pulsed dye lasers, imcluding the FL 2002, will

achieve this figure.

Lambda Physik prefers Raman shifting efficiencies as a better measure of
beam quality. An equivalent but far easier technique is to measure the
pulse energy required to break dovn air with a lens of 50um focal length.
For the FL 2002, the energy is 5mJ at 580nm, a figure which may not be
achieved by even YAG-pumped dye lasers. Thus the beam quality of the FL
2002 is indeed ™near diffraction-limited."

V. Conclusions

' The Lumonics EPD-330, vith its grazing-incidence desiga, is in principle an
excellent approach to achieving high performance at low cost. Hovever, the
significant defects are numerous:

A. Frequency jitter a large fractiom of the bandwidth.
B. Extremé mechanical sensitivity.

C. A second wavelenéfh néar the degeneracy.poin:.

D. Limited range with one grating.

E. High backgréund ASE.

All of these defects would either vanish or be less sigrnificant if the laserx
were limited in bandwidth to about 0.2cm-1, similar to the FL 2002, aod an
fetalon vere used to achieve narrower bandwidth. The claim that it can equal.
{ the performance of the FL 2002E without using an etalon is simply untrue.
'When desling with bandwidths much below 0.2¢cm-1, only an etalon can overcome
the limitations imposed by frequency jitter and provide a stable, reliable
output beam. The manufacturers of over 90X of the commercial pulsed dye
lasers in use today agree with this statement.
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Single-Mode Operation of Pulsed Dye Lasers

B. Burghardt, W. Mickenheim, D. Basting
Lambda Physik, P.0.Box 2663, D-3400 Gottingen, FRG

k]

In large domains of laser spectroscopy narrow-bandwidth probes are an imperative
requirement, with single-mode lasers being the ideal instruments. cw-lasers satisfying
this desire are commercially available but, if not complemented by pulsed amplifiers,
they deliver only low output power, and the costs of such systems are almost inversely
proportional to their bandwidth. Pulsed dye lasers, usually pumped by excimer or
Nd:YAG lasers are already suited for many applications and, therefore, present in
every spectroscopy laboratory. However, with exception of a few sophisticated devices
they oscillate on several modes. \ 0

This drawback can be overcome by reducing the cavity length (Littman design /1/)}
such that even a rather broad spectral distribution would not cover more than one
longitudinal mode, or by reducing the bandwidth via extended pulse duration, which is
the appropriate approach for a Hansch-type /2/ oscillator. This way, being subject to
the present paper, offers the unique opportunity of automatic ASE-suppression by
utilizing the grating twice /3/. While in the past this way was merely of academic
interest, because pump lasers of sufficient pulse duration were not easily accessible,
meanwhile a suitable excimer laser, emitting pulses of 300 ns duration at 308 nm /4/,
has been made commercially available {Lambda Physik, EMG 602).

For an oscillator equipped with an intracavity etalon, the advantage gained by
extended pulse duration can be estimated under some simplifying conditions as follows.
The single-pass transmission function of the etalon is, for large finesse F, given by

T = (& sin 22 <)H)7] o — ()

with vx a frequency of maximum transmission and Av_ the width of the single-pass
transmission function. With no regard to amplificagion and loss processes or hole
burning in the laser cavity but assuming a constant amplitude T{v*) = 1 and negligible
divergence of the radiation, the halfwidth dvy of the transmission function after N

- cavity roundtrips is determined by

Tse avy /20 = 172 (2)
£xpanding the sine and taking only the linear term we get

vy /v, =-szm -1 | (3)

which, for large N, can be written

svy/ vy = Y2z /K. (4)

More interesting for practical applications is the time-averaged bandwidth (AvN) .
According to (3) it can be calculated from

N
(AvN)/Av°= N_'l Zk 1‘\} ZUZk -1 (8}

which, again for large N, may be approximated by means of (4) by
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N .
Covp lavy = 27z N7 XH k2, (6)

Applying the condition N®» 1 for a last time, the sum in (6) can be approximated by
2{5 - 37:2{51' yielding

A —_ -~ t
Camdlav, = 2n2 /4fN. N/ ;At (([Du.egz C&Am‘kou) (7)

Thus, the final as well as the time-averaged bandwidth reduce in proportion to the
inverse square root of the number of cavity roundtrips.

The length of common dye laser oscillators 1ies between 30 and 40 cm. Therefore, '
the distance between longitudinal modes ranges from 0.4 to 0.5 GHz. When equipped with
an intracavity etalon and pumped by 20 ns pulses, a bandwidth of about 1 GHz is
obtained. Hence, two or three modes will usually oscillate. An increase to 200 ns
pulse duration is obviously sufficient, to reduce the bandwidth by a factor of 3,
permitting only one single longitudinal mode to oscillate.

Due experiments have been performed by using a Hinsch-type dye laser of 2.3 ns
roundtrip time and 440 MHz mode separation. The single pass transmission function
determined by the intracavity etalon is about av, = 2 GHz. The dye laser was pumped
~either by an ordinary excimer laser of 18 to 20 ns pulsewidth or by a precursor of the
EMG 602, delivering pulses of 220 ns duration at 308 nm. In both cases the duration of
the dye laser output was reduced, namely to 16, 18 and 170 ns respectively. In
addition, the time-averaged bandwidth over the first 5 ns was measured by means of a
streak camera, when the ordinary excimer laser was used. The results are given in Fig.
1. It is obvious that during the first 20 ns several modes can oscillate { Av, = 0.8
GHz), while a pulse duration of 200 ns or more guarantees single mode operation ( v
= 0.3 GHz), if the dye laser frequency is chosen such that one mode lies near the
center of the transmission function. This condition, however, can be satisfied, e .,
by adjusting the cavity length of the dye laser via a piezo-driven mirror mount.

1 r v T T TTTHI LI LI I I R L B

1. L S

- T

NP i
Fig. 1 Normalized average .
bandwidth {Av p/4v,  versus
number of roundtrips N. The
error bars do not include a
+/- 20 % uncertainty in avg.
Theoretical curves:

..... Eq. (5)’
----- Eq. (G}s
0.1 S R TR U I 1 O I SR N S W S G B0 O Eq. (7)..
1 2 3 5 10 20 30 50 N 100
References ‘

/1/ M. G. Littman and H. J. Metcalf, Appl. Opt. 17 (1978) 2224

/2/ T. WM. Hiénsch, Appl. Opt. 11 (1972) 895

/3/ H. Biicher, U.S. Patent 4399540

/4/ P. Klopotek, U. Brinkmann, D. Basting and W. Miickenheim, CLEO '87, Baltimore,
Digest of Technical Papers p. 326



P 42 He

Zypy OZE = AP

m.JQN. = v..HSWM
2NN 0857 ¥ YV

; ,spﬂedu;d.g |

W \38
i e 8 9

qd\ik.ﬂgﬂ

I/

iiiii

}
-t




~ (e &y
Librenn 1987 (/“76‘ Hodn %t

Fig. l: Grazing-incidence pulsed dye laser with self-tracking
geometry. (The pivot position as shown is correct only if the
optical path length of the dye is equal to its physical
length.) -
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Fiz. 2. ‘Thres-prism up-up-down beam sapender. This configu-
ration is optimal for achromatic Uhres-priscs bears sxpanders.

Fig. 3. Your-prism up—up-up-down beam expamders. This config-

uration is optimal for achromatic fous-prisas heam onpandere of &

single material with total magnification =10 and probably also for
lower magnifications.

Fig.4. N-primmup-up...up-down beam expander. Thisconfig-

uration is optimal for achromatic single-material prism Beam ox-

panders of moderats to large magnification, spetilically, for mageii-

fieations greater than sbout |2 — 1/(2M-1 - 1)}, In addition, if sach

priem magnification is 2, such a device achieves a total magnification

of 2¥, a dispersion of 1/2¥-1 that of a single prism, and a transmiseion
of 98% per prism.
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Excimer-pumped dye laser with high beam quality

D. J. Brink and C. J. van der Hoeven

Nationa! Physical Research Laboratory, Council for Scientific and Industrial Research, P. O. Box 395,

Pretoria 0001, Republic of South Africa

{Received 2 April 1984; accepted for publication 12 August 1984)

A novel design for a dye cuvette used in an excimer-pumped dye laser is described. The cuvette
consists of a thin-walled quartz tube illuminated equally from four sides. This, combined with the
focusing action of the dye-filled tube, results in a homogeneous excitation of the central core of the
dye volume and a near TEM (00) output beam is obtained at moderate repetition frequencies.

Sufficient data are provided to allow interfacing of the cuvette with standard oscﬂlalor-ampltﬁcr

arrangements,

INTRQDUCTION

Pulsed dye lasers excited by high-energy excimer lasers are
well known and widely used. These lasers offer short {~ 10
_ns), high peak-power pulses at wavelengths ranging from the
ultraviolet to the near infrared. Although they have been
successfully employed in a wide range of applications they
suffer from one major drawback, namely, that they are
transversely pumped from one side only.'~* This leads to a
nonuniform illumination over the cross section of the excited
volume. In addition, the highest gain occurs right on the

inner face of the one cuvette side wall, leading to severe dif- -

fraction effects in most amplifier configurations.

We have developed a novel pumping scheme which
climinates the problems mentioned to a large extent and
which yields an output pulse closely resembling 28 TEM(00)
intensity distribution. 7

Such a high beam quality should be especially useful in
nonlinear applications such as frequency mixing and stimu-
lated Raman scattering.* .

I. THEORY OF OPERATION

The principle of operation is based on a recently report-
&d technique,® where a cylindrical dye volume is illuminated
equally from four sides. Instead of using a 90° prism with a
small hole as dye cuvette, we used two flat dielectric-coated
mirrors to split the pump beam into four equal parts. This
allowed us to use a strategically placed, thin-walled tube as
dye cuvette. The arrangement is illustrated in Fig. 1.

Although the system seems very similar to the prism
cuvette,’ its performance differs in two important respects.
First, the dye-filled tube acts as a very short focal-length
cylindrical lens, which focuses the pump light into the dye.
This increases the pump intensity towards the tube center
and thus, to some extent, compensates for absorption losses.

Taking, to a first approximation, the gain coefficient to
be proportional to pump-light intensity and to dye concen-
tration, one can compute relative gain profiles over the cross
section of the cuvette tube by simple ray tracing. For exam-
ple, in a cuvette with its axis parallel to the z-axis, the gain
coefficient g{x,p) at an arbitrary point (x,)) in the dye is given
by

1048  HRev. Scl. Instrum. 55 {12), December 1984
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where Ad is the width of a narrow probe beam aimed at (x,y)
outside the cuvette, Ad * is the probe-beam width st the point
(x,v), a is the absorption coefficient, and [ is the propagation
length in the dye. The first term depicts the increase in inten-
sity due to focusing of the light. The summation is taken over
the four beams shown in Fig. 1.

We assumed, to a first approximation, & to be propor-
tional to dye concentration and independent of intensity. A
simple absorption experiment with a rhodamine 6G sample
in the excimer beam showed this assumption to be valid to
within a few percent for the range of pump-light intensities
and concentrations employed in this work.

A number of such computer-generated gain profiles are
shown in Fig. 2. The influence of dye concentration can be
seen in Fig. 2(a). We used the product aR, with R the radius
of the dye column, as a measure of concentration. It is evi-
dent that lower concentrations give a better gain distribu-
tion. However, this also leads to a lowered absorption effi-
ciency and gain. One will therefore have to decide on a
compromise between conversion efficiency and beam quali-

ty.

M
- —f- — —— ‘
1
-
>'.i':§':-:—<—-——- 3
Mkt —— 4

F1G. 1. Outline of the pumping geometry showing the two diclectriccoated
mirrors M and the cuvetie C. The arrangement divides the pump beam into
four equal parts shown as | to 4.

© 1984 American Institute of Physice 1048
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In Fig. 2{b) the cffect of a finite wall thickness is shown.
Due to the focusing effect of the cuvette most of the pump
light enters the dye solution even at a ratio of outer diameter
to inner diameter as large as 1.4. From a mechanical point of
view a ratio of 1.2 is already entirely acceptable. The gain
near the cuvette walls is considerably lower than the peak
value deeper in the dye. This is also a result of the focusing
¢ffect and it has a very important bearing on beam distortion
due to diffraction effects from the tube walls. The signifi-
cance of this effect can be appreciated when comparing the
gain profiles with the case where no focusing occurs (dashed
curve). In the prismatic cuvette® the dye refractive index is
lower than that of the prism resulting in a slight negative
focusing, which is even worse.

The second advantage of the present design is that it is
comparatively easy to interchange cuvetie tubes. This is nec-
essary to optimize the performance when using different
dyes with different gain characteristics.

Il. EXPERIMENTAL DETAILS

A schematic layout of the complete laser system is
shown in Fig. 3. An EMG 20! XeCl excimer laser from
Lambda Physik was used as pump source. This provided
500-mJ pulses at 308 nm with repetition frequencies up to 25
Hz

The system utilizes conventional side-pumped oscilla-
tor and preamplifier stages. This was chosen because an im-
practically narrow tube will be required to yield sufficient
gain at the relatively low pump intensities (5%-10% of the
available excimer power) used here. In this way the system is
also relatively insensitive to dye and concentration changes.

By placing the final amplifier ~60 cm away from the
first stages only the central lobe of the preamplifier output
can be selected as input to the main amplifier. Any small
intensity variations across this lobe get ironed out by satura-
tion effects in the last amplifier.

The oscillator was fitted with a broadband dlelectnc-
coated flat end reflector, a four-prism beam expander, and a
300-grooves /mm echelle grating blazed at 63°. The beam-
expander prisms were specially manufactured for this appli-
cation from a high refractive-index glass (Schott La-SF9)

%‘:‘ %\& : T

B

Fi1G. 3. Schematic layout of the complete laser system showing oscillator
{OS$C), preamplifier (PA), main amplifier (MA), beam expander (P) {only
two prisms shown), grating (G), folding mirrors (FM), beam-steering mir-
rors{SM), beam splitters (BS), and pump beam (PB).

Dye laser 15349
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Dyea cell design for high-efficiency
amplifier of high beam quality

P Simon and N Juhasz
JATE University, Department of Experimental Physics, H-6720
Szeged, Dom tér 9, Hungary

Received 7 March 1985

Abstract. A novel amplifier cell design for high-power pulsed-
faser-pumped dye laser systems is presented. High spatial
quality of the amplificd dye laser beam and fairly large energy
cfficiency is expécted.

Nowadays high-power excimer and Nd:YAG lasers are
commerciaily available for pumping amplifiers in dye laser
systems. The different pumping arrangements generally used,
however, have led to some problems. With longitudinai
pumping, the excited state absorption of the dye molecules
causes considerable loss of pump energy. While using the
standard transverse pumping arrangement, the exponential
attenuation of the pump light leads to bad output beam quality
and may cause damage to the windows. Bethune reported a
novel dye cell which could produce a high-quality output beam,
but to the detriment of the utilisation of the pump cnergy
(Bethune 1981).

Here we present a design of a new dye cell, which can
prc *1ce more homogeneous excitation with higher efficiency
tha: that of Bethune’s. The heart of the design is shown in
figi'e 1. The dye solution flows through a hole drilled along the

Pump
beam

Figure I. Schematic diagram of the conic dye cell. The active
medium is illuminated from all sides.

1, 15,35/100829 + 02 802.25 © 1985 The Institute of Physics

5%

axis of a 90° fused silica cone. The pump k- .l
cone perpendicular to its base. After total intern.. - tive
pump beam is deflected towards the axis, ensu. iy

illumination of the dye solution from each side, and providing
sufficient of a focusing effect to approximately compensate the
expanential atienuation of the pump beamn.

In order to compare the prismatic and conic cells, jet us
define two Ffigures of merit, one of which accounts for the
utilisation of the pump energy, while the other represents
the homogeneity of the pump intensity distribution. Let y be
the ratio of the absorbed energy to the total pump ¢nergy
(in percentage terms):

absorbed pump enetgy
= X
total pump energy

100

and let & be the ratio of the portion of the area where the pump
intensity dilfers by less than 10% from its minimum value to the
total area of the cross section of the active medium (also in
percentage terms):

e area((] — Jun )/ 1min < 10%) "
- total arca

100.

We assume that in both cells there is perfect index matching
between the fused silica and the solvent of the dye. The pump
intensity at each point in the absorbing medium is determined by
beams coming from four sides in the prismatic cell, and by two
counterrunning beams in the conic cell. We calculated the values
of # and 4 as functions of the absorption coefficient of the dye
solution, a, for both cells. In our calculations the pump energy
was 100 mJ at 308 nm, the pump pulse duration was 15 ns, the
diameter of the excited medium was 6 mm, the length of the
amplifier was 20 mm, and we used the molecular parameters of
R6G. The results are shown in figure 2. It can be seen that with
the prismatic cell, for an efficiency of 70%, the homogeneity
and, as a consequence of this, the quality of the output beam are
rather poor, while in the conic cell the homogeneity has a {airly
high maximum value. The other advantage is that the value
of the absorption coefficient corresponding to the highest
homogeneity is about four times as high as it is in the prismatic
cell. This helps the absorption of the pump light to become
nearly complete. '

By a slight modification we can make usc of another ad-
vantage of the conic cell. Note, that the pump power increases
along the excited medium from the apex to the base of the cone.
When the cylindrical space for the dye is replaced by a conical
cne, the cross section of which increases as the pumping
increases, the cell wilt approach an ‘ideal’ amplifier which has
the following properties:

(i) the pump cnergy density is uniform along the length of the
amplifier;

(i) the cross section of the amplifier increases as the
amplified signal passes through it so as to0 keep the number of
photons emerging from unit area uniform.

The former condition ensures that no part of the active
medium should be excited to an extreme degree, while the latter
is necessary so that the depletion of the excited state should be
complete enough. while at the same time the temporal distortion
of the amplified pulse can be kept negligible (Bor e af 1983).

A theoretically collincar pump beam would result in
extremely high pump intensity near the axis. In practice,
however, it is avoided by the natural divergence of the pump
light. The defocusing effect can be enhanced — if necessary — by
appropriate tailoring of the pump beam.

Finally we can conclude that the homogencity of the conic
dye cell is fairly good and at the same time its efficiency is more
than 90%. Using an excimer lascr as a pump source some
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[ L ] 1 L
1. 2 af (:- 1 “ 5 Abstract. An clectronic system is described for semi-automayic
determination of the scallering vector in small-angle
(6) light-scattering experiments. The method is simple and
100}- n capable of complete automation. It has been applied to
/—— small-angle scattering from thermal fluctuations of liquid
surfaces and typical resuits are presented,
BO{-
eol- I. Introduction
. Smail-angle  light scattering  finds widespread wuse in
(%) characterising the properties of molecutar systems. The dynamic
40 properties are accessible via quasiclastic scattering, for which
5 the incident and scattered wave vectors are ikj=ik,]. One
specific application is the determination of the physical
20}

afem~t)

F'g re 2. The efficiency () and homogeneity (A} of
(a; the prismatic cell and (b) the conic cell as functions
of tne absorption coefficient {a) of the dye.

additiona! loss occurs owing to the transformation between the
rectangular beam profile and the circular pump inlet aperture of
the cell. But even then the efficiency and homogeneity of the
conic cell are better than that of the prismatic one.
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properties of fluid interfaces via the spectrum of Light scattercd
by thermally excited fluctuations of the interface (e.g. Her
and Meunier 1974, Byrne and Earnshaw 1979).

It is essential to the correct analysis of any light-scattering
experiment  that the scattering vector K be accurately
determined, This is particularly true at small scattering angles
(486) when K is rapidly varying:

K =k —k,
= 2k sin (AG/2)
for quasielastic scattering (ko =2n/1). This note describes a
novel electronic technique for determination of X which is then
applied to an example of fluid interfacial scattering to illustrate
its usefulness.

2. Light-scattering system

Only the essential details of our heterodyne spectrometer
(figure 1) need be given {cf Byrne and Earnshaw 1979). Light
from a He—Ne laser (1=632.8 nm, TEMo mode) was spatially
filtered to ensure a gaussian intensity profile, to expand the
beam, and was then focused 10 cause it to converge slowly, The
laser beam was incident upon the water—air interface just above
the critical angle. A coarse diffraction grating (G) set normal
to the laser beam provided heterodyne reference beams of
controllable intensity at various small angles from the main laser
beam. The lens L, caused the various diffracted beams to cross
at the liquid surface (i.e. the grating is imaged there) and focused
them in the detector plane. Light scattered out of the zero-order
beam mixed with the various diffracted beams. A single
diffraction order was selected for detection by a pinhole before
the detector. This type of local oscillator has advantages for
inaccessible scattering volumes {Hard and Nilsson 1979).

t Present address: Physics Department. University of Kow-!
PO Box 5969, Kuwait.

0022-3735/85/100830 + 04 502.25 © 1985 The Institute of Physics
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LPD 3000

All the advaniages at a glance

The latest generation of a long
tine of pulsed aye fasers,
LAMBDA PHYSIK's new LPD
3000-series. benefits from more
than 15 years of experience. The
LPD 3000 combines the
advantages of the well known
FL 3000-series with numerous
innovative improvemenis.

Oscillator configuration

The oscillator design guarantees
broad tunability with only one
single grating. It has a high
diffraction efficiency. high
frequency accuracy and low
spectral bandwidth.

LAMBDAPURE®-filter

This automatic filttering process
developed by LAMBDA PHYSIK
guarantees optimum spectral
purity and extremely fow ASE-
background.

Mechanical stability

All parts of the dye laser are
placed in a mechanically very
stable multi-rod system. This
concept ensures very good
wavelength accuracy at highest
thermal stability.

Oscillator/preamplifier
combination

One dye cell functions
economically both as oscillator
and amplifier, just being pumped
in different regions at different

times. This resufts in highest
conversion efficiencies at fowest
background.

Optimized amplifier configuration
By using separate dye circulations
for the osciflator/preampfifier and
for the main amplifier optimi-
zation of the dye concentration is
possible. This results in highest
pulsed dye laser efficiency.

Etalon concept

Use of an etalon for low bangd-
width operation results in addi-
onal frequency stabilization. That
makes the LPD 3000 more than
tentimeslesssensitivetomechani-
calvibrations,temperaturechanges
and refractive index inhomo-
geneities within the laser beam
compared with other fow band-
width lasers. The easy removable
etalon insures a high flexibility for
low resolution survey scans and
high resolution detailed scans.

Ease of use
All optical components of the
LPD 3000 are clearty aranged in
a mechanically very stable three-
rod system. Only a few alignment
screws need to be addressed.
An integrated HeNe-laser allows
proper positioning of the dye
laser to the excimer laser.
Control of the systemn is
achieved by a removable remote
control

b7

High degree of automation

The internal microprocessor
assures optimized drive speed
with fully synchronized
continuous path control. This way
a much faster data acquisition is
possible. Convenient software
ensures on-ine remote control of
the laser by a host cornputer via
an IEEE 488 interface.

Free choice of a pump laser
The LPD 3000 can be
alternatively pumped with high
efficiency by an excimer,
Nd:YAG, nitrogen or copper-
vapor laser.

Dye circulating unit

Sturdy dye cell mounts allow
exchange of the cuvette without
realignment, This way fast
change between different tuning
ranges is possible. Repetition
rates cf up to 1000 Hz with
excimer pump lasers and several
kHz with copper vapor lasers at -
high conversion efficiencies are
possible when using an opti-
mized high flow dye circulating
unit

Tuning range 189 ... 2000 nm
Conversion to the VUV or NIR
with good efficiency is actieved
by frequency-doubling and
Raman-shifting.



LPX pump laser LPD dye laser

Excimer pumg beam

Conirol unit

Dye circulator 1: Osc /Preampl. y LAMBDA PHYSIK system concept:
and display

Dye arrculator 2 Main amplifier " LPK/ILPD 3000
- @ integrated systermn concept
_ (design, beam height,
—— ¢ alignment and controf of the
m whole system)
® system optimized pumping
+ laser
® integrated automation of the

X pump faser (XeCl) YRR UCY U IMSE  \//10/e System by integration of
i Pump energy ' max. Rep.- - max. average Pulse energy max average , the LPD 3000 into the fiber
S _d‘i_f”’{f 55 - jrate g’;gf, ;.P_‘?W?f,,gi___ md e I optic network of the LPX
aUr ) B .
270 400 700 | 10 : 5 ‘ excimer laser.

X251l e00 | 25 20 _ 5

8 Excimer-pumped dye laser

® nearly all dyes can be directly
pumped by one of the

excimer lines. There is no
need for complex and
expensive frequency
conversion techniques

62,000 << 575.000 <-- 580.675 --> 610.000 > 787.000 1,000 ® broad fundamental tuning
range UV-NIR
4MEDA PHYSIK LPD 3000 GRATING ¢ '@ high pulse energy
ENTER LOWER END OF SCAN INTERVALL:  575.008 [mo] C e Va”?_bfe and high pulse re-
ENTER UPPER END OF SCAK INTERVALL:  610.000 [nm] p.em’o” rate ffom 1o 7000 Hz
N = ‘ - @ simple handiing of the
ENTER SCAN STEP: 000 [nm) Comp,[e[e SySIem
ENTER DWELL TIME: .500 [s]
ENTER NUMBER OF 3 9 LAMBOACHROME® Iaser-yrade
ENTER DELAY TIME: .260 [s] " dyes .
T ) -~ All laser dyes are synthesized
ENTER NEW CURRENT WAVELENGTH: 580.675 [nm] and tested by experienced
TRG.ON  BURST MODE  REP.RATE: 100 Hz  PLS./BURST: 10 LAMBDA PHYSIK scientists,

Specifications are guaranteed.

SET F3 SET SCN.RNG F5 TRG.ON/OFF F7 CONT/BURST F§ SET GRTG.ORD
START SCAN F4 SET CRNT.WL F6 TRG.PARAM F8 EREAK F10 GO TO LOCAL

Menu driven control software (based on the sofiware package ASYST™ 15 be
1er supplied)
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LPD 3000

Configuration and operation

LAMBODA PHYSIK's LPD 3000
dye lasers consist of an oscillator,
preamplifier and main amplifier.

Oscillator design

The oscillator determines the

quality of radiation and is there-

fore the most important and

sensitive part of a dye laser

system. The LPD 3000 oscillator

Consists of:

® a graling for wavelength
selection,

® an achromatic prism beam
expander for narrowing the
bandwiadth,

® a dye flow cell containing the
active medium and

® an end mirror coated for the
whole spectral range to be
covered.

See figure 3 for a schematic

diagrarn.

The LPD 3000 uses the grating
in the retro-reflective or Littrow-
position. With this osciffator
concept, moderate grating angles
(=75°) can be used. This affows
lower frequency jitter, higher
grating efficiency and less sensi-
tive operation than other oscil-
fator concepts such as grazing
incidence operation, where the
grating is set to almost 90°, and
tuning has to be performed by
an additional mirror.

Littrow-scheme dye lasers
have the advantage that there is
no need for any grating

replacement with subsequent
calibration procedures: the entire
spectral range (320 .. 870 nm)
can be covered by one single
grating. Multiple wavelength out-
put as known from grazing-inci-
dence systems does not occur.

LAMBDAPURE® filter
In addition to bandwidth and
tuning accuracy, the LPD 3000
achieves highest spectral purity.
The output of a conventional dye
faser includes some background
emission with spectral distribution
around the maxirmurn of the
tuning range. Most of this back-
ground originates in the oscillator
itself, where spontaneously
ernitted photons can be ampli-
fied due to the high gain (ASE —
Ampiified Spontaneous
Emission). In conventional dye
lasers this ASE leaves the oscilla-
tor through the outcoupling
mirror without being suppressed
or filtered out and is thus further
amplified in the following
amplifier stages of the dye laser.
The special outcoupling
systemn of the LPD 3000 dye
laser series and the use of an
additional automatic fittering
process ("LAMBDAPURE® fifter”)
avoids alf these problemns: The
oscilfator output is decoupled at
the entry surface of the prism
beam expander and reffects from
the grating again before reaching

the next ampiifier (figure 3). This
leads to a substantial
suppression of ASE (figure 4).
Synchronization of the oscillator
wavelength and the filter center
wavelength is guaranteed by the
fact that the dye faser beam
coming from the oscillator hits
the grating at the location of its
rotational axis (5o called
LAMBDAPURE® point) with an
appropriate angle of incidence.

Preamplifier

Use of this patented configu-
ration from LAMBDA PHYSIK
also means that one dye cell can
economically function both as an
oscillator dye cell and as an
ampiifier dye cell which is simply
pumped in a different region. The
dye cell functions in this way as a
preamplifier. For pumping of the -
preamplifier a faser beam with
exactly defined delay is used
(figure 3). This also reduces a
rmajor part of the ASE background
originating at the beginning of
osciflation. That is the second
major innovation in the

L AMBDAPURE® concept The
[AMBDAPURE® system results in
a drastic reduction of ASE back-
ground to less.than 107 It should
be mentioned that highest ASE
suppression can be achieved at
the wings of the tuning curves
{figure 4). The usable spectraf
range can thus be extended
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Mechanical and thermal stability
LPB 3000

During the development of the
LPD 3000 dye laser series,
special attention was paid (o the
mechanical stabifity and
precision of the apparatus.

All optical components are
placed in a stable three-rod
system. All parts of the oscillator
which require the highest

mechanical and thermal stabiiity

are enclosed in a hermetically
sealed and mechanically rigid
metal block with provisions for

) temperature as well as pressure

stabilization. In addition, the
grating is made on a substrate of

B (ow thermal expansion (zerodur)

and is driven by a especially
checked and calibrated precision

sine-drive. This allows very high

absolute and relative wavelength

R accuracy as well as highest

temperature stability (figuri ).

=4




LPD 3000

Configurations

LPD 3001

The LPD 3001 is the basic
mode! of the new dye laser
family. In combination with the
LPX 100 excimer laser series of
LAMBDA PHYSIK or other pump
lasers with mediurm pulse
energy. this compact dye laser
system is an ideal fight source of
high spectral purity for
applications which require
tunable dye laser radiation of
medium energy and power.

The design is the same as
described above (figure 3). The
LPD 3001, like the other models
of the LPD 3000 series, is
supplied with AR-coated pump
optics for pumping with XeCl
excimer lasers. Other pump
oplics are optionally available.

LPB 3002

The LPD 3002 is the high
performance mode! of the LPD
3000 series. An additional
ampiifier has been added to the
basic configuration described
above (figure on page 7/8).

A beam expanding telescope
behind the preamplifier matches
the dye laser beamn to the flarger
active volume in the main
amplifier. This - in combination
with the possibility of optimizing
the dye concentrations for
oscillator/preampfifier and main
ampilifier separately - resufts in
the highest pulsed dye laser
efficiency available (for excimer
pumping up to 20%, for Nd:YAG
pumped red dyes up to 35%).

Linewidth and ASE-
suppression measured with a
high resolution grating
monochromator as shown in
figure 7" present a convincing -
argument

Pumped by an excimer laser
of high pulse energy and high
average power the LPD 3002
delivers high pulse energies (up
to 100 mJ) and high average
powers (more than 10 W). These
peak values could be realized by
the development of special high
flow aye circulating units
(figure 14).

A

LPD 3002F

The LPD 3002E is the narrow-
banawidth version of the LPD
3002 dye laser. The system
incorporates an intracavity etalon
by which the banawidth is
reduced to =0.04 cm’'. Figure 8
shows the checkup with a
confocal Fabry Perot-
interferometer.

Installation and removal is a
matter of minutes and does not
require cavity realignment.
Contrary to other commercial
dye lasers with intracavity etalon,
the LPD 3002E requires only one
etalon for bandwidth narrowing.
This etalon has three different
Selectable dielectric coatings on
one common substrate and
covers the entire spectral range.

Due to the high number of
cavity roundtrips during the
excimer laser pump pulse (even
more favorable when using an
LPX 6051 long pulse excimer
faser), single-mode operation is
possible (s. D. Basting et al, SPIE
vol 912, 87 (1888)).

Automatic tuning can be
achieved either by synchronously
tilting grating and etalon with the
aid of the control efectronics or
optionally by changing the
pressure inside the resonator
housing.

-y -
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Use of an etalon inside the
resonator for low banawidth
operation resuits in additional
highest frequency stabilization.
Each frequency jitter is converted
to amplitude fluctuations of the
oscillator which are
compensated by the following
amplifier stages operating in
saturation.

The concept of optional use of
an etalon gives more flexibility
during operation. In case of need
the etalon can be removed and a
broad spectral range can be
scanned at lower resolution but
higher scan speed. In this way, a
survey of a specirum can be
obtained withirr a few minutes.
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LPD 3002
Mechanical and optical design

Controf electronics

_ _ Crystal for frequency doubling
Turning mirror

. Frequency doubling controi electronics
Main amplifier q v 9

. . HeNe beam aligner
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LPD 3000
Control concept

The LPD 3000 cornes equipped
with @ microprocessor as
slandard. This microcomputer
unit offers maximum fiexibility
and ease of use. It can be easily
removed from the dye laser
housing (figure 11) and can be
used at any distance from the
laser.

Integrated control unit

The concept of continuous path

control allows fast and

synchronous scan of the three
arives for grating, etalon and
crystal. This aflows the scan
speed to be increased drastically,

The microcomputer offers the

following programmable

operation:

@ aulornatic wavelength
calibration during initial set-up,

® aclual wavelength display in
nm (LPD 3002E additionally in
cm’ or GHz),

® continuous path controlled
scan to a preselected
wavelength,

® enhanced scan speed,

@ automatic scan between two
preselected wavelengths with
preselected scan speed,

® automatic scan between two
preselected wavelengths with
preselected step width at
maximum speed and output of
selectable number of laser
pulses after each step (burst
mode),

@ automnatic determination of the
optimum grating order, and

@ crystal tuning during frequency
doubling and mixing with
automatic crystal/grating
synchronization.

The additional folfowing features

are included in the FL 3002E:

@ automatically synchronized
multipfe etalon scan across the
entire dye tuning range,

® crystal tuning with autormatic
grating/etalon/crystal
Ssynchronization.

The high frequency accuracy of
the microcomputer controlled
wavelength tuning of the LPD
3002E is demonstrated by an
fodine absorption spectrum in
figure 10. Comparing the real
distance between two absorption
fines with the wavelength
displayed on the microcomputer
screen, the error is less than
0.02cm" over a tuning interval of
4cm’.

+'%

Fiber optic local area network
technology
A totally new control concept has
been adapted in the LPD-series.
The LPD 3000 can be
integrated via a corresponaing
interface into the fiber optic local
area network (LAN) of LAMBDA
PHYSIK's LPX excimer lasers.
This technology connects
distributed inteligent control
modules via a single fiber optic
communication ring. Controlled
by decentralized micro-
processors with efectronic safety
circuits (watchdogs), this concept
guarantees that the systern is
always operated under safe
conditions. By using the LAN-
interface, the LPX pump laser can
be controffed completely from
the microprocessor of the LPD
dye laser. Pumping with constant
pulse energy can be of special
interest and is simply performed
by the new concept




IEEE 488-Bus
The easy-to-use IFEE paraliel bus
| interface has been designed for
comfortable integration of the
LPD 3000 into computer
g controfled experiments. Via this
interface and with the help of
correspondingly ada,:ryred
Software (e g ASYST™) all actual
laser parameters can be set on-
fine by a host computer, In
addaition, experimental results can
be analyzed immediately
(figure 2).

Additional interfaces
® wavelength proportional
analog signal output with
i seleclable sensitivity (e.g. for a
{Laser)Frequency L char recoro’er),
E @ scan lrigger infout
@ ingger out for other pump
lasers or experimental set ups.

[o-cell transmission fa.

10: Frequenty,abcuraty.ol

1. Remote control LPD 3000
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LPD 3000

Wavelength extension

The LPD 3000 in its basic confi-
guration emits in a fundamental
tuning range of 320 - 370 nm
(figure 12). This range can be
extended with high conversion
efficiencies and good beam
parameters to other spectral
regions either by
@ frequency doubling (SHE =
Second Harmonic Beneration),
@ frequency mixing (SF& — Sum
Frequency &eneration) or
® Raman $hifting (RS).

SHEG generation

With additional frequency
doubling accessories the UV-
region frorm 205 nm to 335 nm
can be covered with good
conversion efficiencies of up to
30% and pulse energies of up 1o
10 md (figure 13). Due to its
excellent properties (high non-
linear coefficient high damage
threshold, wide transparency
range and low temperature
dependence), Beta-Banum-
borate (§-BBO) is one cf the
outstanding materials for
frequency doubiing.

The LPD 3000 uses:

® BBO (290 - 220 nm),

® BBO I (221 - 205 nm) and
® KDP (335 - 265 nm).

The conversion efficiency can be
enhanced by use of an additi-
onal Glan-Foucault polarizer.

For automatic wavelength tuning,
the angle between crystal axis
and dye laser beam axis must be
continuousily controlled to main-
tain phase-matching conditions.
This "crystal tracking”™ is done
automaticatly with the micro-
computer, which has the com-
Dlete angular trajectory of each
crystal stored in its memory. To
compensate for variations of the
ingividual crystal LAMBDA
PHYSIK has developed an inter-
active program which aflows the
cormputer to adapt the stored
parameters to the actual working
conditions. This approach, in
cormbination with the mechanic-
ally stable set-up, guarantees
optimum UV output without a
complicated servo-system.

Automatic bearn displacement
correction is achieved by an
additional quartz block which
rotates synchronously with the
doubling crystal

Separation of fundamental and
harmonic is accomplished by
using a Pellin-Broca prism set.

SFG generation

The accessible UV-tuning range
can be extended to approx-
imately 198 nm by sum
frequency generation (SFG). Two
frequency conversion crystals
together with the corresponding
conirol unit are needed. In the
first crystal (BBO | or KDP) the

SHG (2w) of the dye laser
radiation is generated. This SHG
is mixed in a second crystal
(BBO 1) with the fundamental
dye laser radiation (@), resulting
in the sum frequency (3o)
(figure 13, region "SFG I7).

Tunable dye laser output in the
even deeper UV range down to
189 nm (figure 13, region "SFG
II") can be obtained when using
two LPD 3000. A frequency
doubled dye laser (BBO I-crystal)
is set to a fixed wavelength in the
UV while the other tunable dye
laser works in the NIR. Both laser
beams are mixed colinearly in an
external additional BBO li-crystal.
(see LAMBDA HIGHLIGHTS No.
8 Dec 1987).

Raman shifting

The RS 75 Rarnan-cell from

LAMBDA PHYSIK can be used

for shifting the wavelength in the

IR to approximately

@ 1100 nm (1st Stokes,
efficiency >25%) or

@® 2000 nm (2nd Stokes).
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LPD 3000

Accessories

100 150 200 250
Rep.rate fHz]—————m=

. LPX 200 series & high flow unit it |
. LPX 100 series & high flow unit |
. LPX 200 series & high fiow unit |

Pump optics SHE accessory . LPX 100 series & standard dye
Besides the standard XeCl pump @ frequency doubling contro, circufating unit
optics, the folfowing sets are ® frequency doubling crystals
available: KDP, BBO 1, BBO 1 (in
® optics for purmping with a Nd: hermetically sealed cell),

YAG laser (2nd or 3rd ® compensators (depending on

harmaonic), crystal),
@ optics for pumping with a Cu ® beam separator {mounted

vapor laser (LPD 3001) and Pellin Broca prisms) and
@ optics for pumping with a KiF @ polarizer (Glan Foucauilt air

or XeF excimer laser spaced polarizer).

(LPD 3002).

SFE accessory

Dye circulating units Complete set of electronics,

These units consist of one (LPD mechanics, optics and doubling
3007) or two independent dye crystals for the spectral range
circulators. Each dye circufator 207 - 189 nm.

consists of a flow cell purnp,

filter housing, dye reservoir and Additional accessory

tube connections. Depending on @ pyroelectric detector for

output energy and power of the pulsed dye lasers (max 25 Hz . ‘
purnp laser, the following pulse rep.rate), ' .
configurations are available: @ Fabry Perot monitor etalon, e e e - B
@ dye circulator (max. 100 Hz) three zoned broadband 2'59,425; ?ye ar,cgfan?? ;um_l (Sfand?“f wo

for oscillator/preampilifier of the coating for use in the range -

LPD 3001, 320 - 860 nm,
@ standard dye circulating unit ® set of aluminurm coated broad-

(max. 25 Hz) for oscillator/ band filters {190 - 1100 nm,

preampitfier and main amplifier max. power density 1 MW/cm?),

of the LPD 3002, @ sct of neutral density filters,
@ high flow dye circulating unit | colored glass (400 - 1100 nm,

for pulse repelition rates max. power density 100 MWW/

>25 Hz and average pump cm?) and

powers <40 W and @ RS 75 Raman shifter.

@ high flow dye circulating unit Il
for high pulse repetition rates
and average pump powers
exceeding 40 W.

Fig. 16: High flow dye circulating unit |

R\



LPD 3000

Specifications
Dye laser model LPD 3001 LPD 3002 LPD 3002F
Wavelength range .
XeCl pumped 320-870 320-970 332-860 {nmj
SHG/SFG 189-335 {nmj
Conversion efficiency
XeCl pumped ,

PTP (343 nm) 6 10 9 [%]
Coumarin 102 (475 nm} 13 17 14 %]
Rhodamine 6G (581 nm) 8 14 12 [%]
Styryl 8 (840 nm) 5 8 7 [%]
Nd: YAG pumped*

Rhodamine 6G (570 nm) - 35 30 %]
Pyridin 1 (690 nm) — 20 — [%]

Peak power up to 20 MW, depending on pump source and dye
Average power up to 15 W, depending on pump source and dye
Bandwidth** =02 =02 =004 fem]
Tuning range dye limited [A]
Wavelength reproducibility +6.3 +6.3 +1.1 [mA]
Absolute wavelength accuracy +05 {A]
ASE-background <107 <4x107 <107

Puilse width stmilar to pump laser or slightly shorter

Amplitude stability similar to pump laser

Divergence (1yp.) 1.5 05 05 [mrad]
Beam diameter (typ.) 25 [mm]
Frequency stability <0.05 <005 <0.01 [emPCJ

Y 2nd harmomic (532 nm) EE300 mJ.
with excimer-hke puise shape
Tt nme gveraged value

O 2
(+ foot 80 + 20)

17
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VISIILE AND INVISIBLE
LASER RAINATION

AVOID £-€ OR SKIN EXPOSURE TO
DIRECT 7= SCATTERED RADIATION

Mas g.e7 222 power
50% of pump sowce
Mas 27202, ouise
50% of pump source
Fuisg o212
Less i~z o° egual o pump source
Prncipz “zzabon: 100Am 10 um
CLASS . _ASER PRODUCT
This proguct compies .. -~ JHHS performance
rachahon standards
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Figure 2

> DIFFRACTION
GRATING

COMPRESSED PULSE PRISM

Figure 1 The optical pulse compressor.

i=“="-f’f|-; |

INPUT PULSE

_ S 74 P T
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COMPRESSED PULSE

(a) Input pulse to the optical pulse compressor.
(b) Compressed pulse from the optical puise compressor. For

both pulses each large division corresponds to the indicated delay

of 1.9psec. B.MNMUelaly , J. anf‘c[tau\fzyf
| Appt. Py, Lt A (1293)
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ULTRASHORT-PULSE (MODE-LOCKED) DYE LASERS

PUMP LASER | |

Ultrashort pulse dye laser of current design for **hybrid’’ mode-locking (employing both
synchronous pumping and a saturable absorber). Shown in place of an output mirror is a cavity
dumper assembly, which is driven in synchronism with the circulating pulse (o couple out a reduced
number of pulses, at higher energy per pulse. (Courtesy of Coherent, Inc., Palo Alto, Calif.)
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THE v VALUES AND THE p VALUES CALCULATED FOR SEVERAL
WAVE PACKETS OF ENVELOPE A(¢) . -
2€1r- Bandbeeme -Peoouc

I &) trwnn ( AV @RREL.) - Ay
A(t) t p=A4r X1

GAuss  exp [—3(L/1)% 1.414 0.441
exp [ —1 1t/tol) 2.442 0.142

2 exp [—3i/t,)0(2) 2.000 0.11
Sech 1/cosh (t/t,) 1.53 0.315
sin? (8/Ly)/(t/ts)? 1.41 0.366
rect (£/1,) 1.000 - 0.892
(1 4 (/t))? 1.66 - - 0.142

* Rect (t/ts)—Rectangular pulse of width ¢, = to. 8(¢)—Unit step
function.
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