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duration. Energy conversion efficiency from the incident
UV beam is about 30 percent. Full width of crystal angle at
half maximum output power for fixed incident wavelengths
was approximately 3 mrad, which roughly coincides with angle
divergence of the incident IR Raman beam. This means that
the conversion efficiency is not strictly limited by the accep-
tance angle of the KDP crystal. Transmission of the KDP
crystal measured with a Varian Cary 2300 spectrophotometer
is 60-50 percent between 200 and 190 nm. Taking the energy
loss due to absorption into account, conversion efficiency in
the three-wave interaction will reach 50 percent.

An alternative configuration in sum-frequency generation
was investigated, which provided even higher output energy
compared to the above configuration in the tuning ranges of
192195 and 198-202 nm. The nitrogen Raman cell and re-
lated optical components were removed from the middle line
in Fig. 2 and the fundamental and the nitrogen or hydrogen
Raman radiation of the top line were frequency-mixed in a
type-1 KDP crystal of 1.5 cm length with a 77° cut. A sum-
frequency beam at 223.9 or 233.4 nm gave an energy of 0.5
mJ in both cases and was mixed further with the optical para-
metric radiation by using a type-1 KDP crystal of 1.5 cm
length with a 77° cut. The output energy was approximately
40 pJ. The high-frequency sides of the two tuning ranges were
limited by phase-matching and the low-frequency sides by the
tuning range of the OPG. The difference in the output en-
ergies of the two different configurations is probably due to
a difference in the incident energies of the tunable UV beam
(0.1 mJ) and the optical parametric beam (0.5 mJ).

In summary, we have obtained, by picosecond sum-fre-
quency mixing, short wavelength tunable UV radiation. The
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results show that KDP is suitably used in sum-frequency mix-
ing to generate radiation with wavelength close to the UV ab-
sorption edge instead of using expensive crystals which can be
phase-matched in this spectral region such as potassium penta-
borate, urea, and beryllium sulphate,
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Single-Frequency, Single-Knob Tuning of a CW Color
Center Laser

NILSON DIAS VIEIRA, JR. anDp LINN F. MOLLENAUER, MEMBER, 1EEE

Abstract—We describe a simple way to achieve CW single-frequency
laser operation with a grating as the sole tuning element. It is shown,
both experimentally and theoretically, that by proper choice of cavity
parameters, the competing hole burning modes can be completely sup-

Manuscript received April 9, 1984; revised November 13, 1984. This
work was supported in part by the Brazilian Nuclear Energy Commission.

N. D. Vieira, Jr, was with AT&T Bell Laboratories, Holmdel, NJ
07733, on leave from the Instituto de Pesquisa Energeticas e Nucleares,
Sao Paulo, Brazil.

L. F. Mollenauer is with AT&T Bell Laboratories, Holmdel, NJ 07733,

pressed. Experiments to demonstrate the theoretical calculations were
carried out in a CW color ceriter laser using T1°(1) centers. Line-
widths of 0.01 ecm™ were obtained and this figure can probably be
much improved by proper cavity stabilization. The method can be
readily extended to any compact gain medium.

I. INTRODUCTION

E describe here a simple way to combine one knob tun-
ing with true single-frequency operation of broadly
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tunable lasers. (By “single-frequency” operation we mean, of
course, not the impossible goal of infinitesimal linewidth, but
rather the achievement of lasing on just one longitudinal mode
at a time.) In our scheme, tuning is accomplished through ro-
tation of the sole tuning element, a grating used in the Littrow
configuration. With its ability to tune continuously over large
frequency spans, a laser operated according to this scheme is
suited for many applications, such as the survey of complex
spectra, or the characterization of integrated optic devices [1].
We have been able to demonstrate successful application of the
scheme in experiments carried out witha CW color center laser;
however, the scheme should work equally well in any laser
using a compact, homogeneously broadened gain medium.

As is well known, to obtain single-frequency operation in a
standing wave cavity, one must overcome the effects of spa-
tial hole burning [2]-[6]. That is, intensity nodes of the de-
sired mode produce build-up of inverted population in the gain
medium, such that other longitudinal modes have the poten-
tial to compete successfully. To suppress these unwanted
modes, it is usual to employ one or more internal etalons in
addition to the prism, grating, or other element used for wide
band tuning [7]. However, the small free spectral range of the
etalon, and the need for combined tuning of several elements,
lead to complex and cumbersome operation.

Of course, the problem of spatial hole burning can be cir-
cumvented through use of a ring laser [2]. There, unidirec-
tional traveling waves homogeneously depopulate the gain
medium along the direction of propagation. Although single-
frequency operation is easily attained [8], [9] in such ring
lasers, the Faraday rotator and other elements required to
guarantee unidirectional operation are often expensive, cum-
bersome and lossy. (This is especially true in the infrared.)

In our scheme, single-frequency operation is obtained in a
simple standing wave cavity by virtue of the following.

1) The cavity end mirror is placed as close as possible (~3.7
mm in our color center laser) to the gain medium, in order to
obtain maximum possible frequency separation between the
desired modes and the modes offering the most serious poten-
tial for competition. :

2) The depth of illuminated grating, and hence its selec-
tivity, are sufficiently great to completely suppress operation
on all possible competing modes. The proper grating illumina-
tion is obtained through use of a two-mirror internal telescope
to expand the beam (to ~3-5 mm in our experiments), and
through choice of grating groove spacing such that the grating
angle will be large enough (see Fig. 1).

Zeroth order reflection from the grating is used for output,
where a second plane mirror, rotated with the grating, provides
a steady beam direction and location {10], [11]. Thus, the
output beam has the same expanded size as that impinging on
the grating. Still small enough to be readily compatible with
most laboratory optics, the expanded output beam has a larger
than usual confocal parameter. Hence it has a less rapidly
changing size, and is more readily focused into a tight diffrac-
tion limited spot; both properties are often desirable. The
major disadvantage of our scheme lies in the fact that the out-
put frequency fluctuates more severely with vibration and
other cavity disturbances than in the cavity using etalons. In
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Fig. 1. Diagram of the coaxially pumped cavity with the internal mag-
nifying telescope (consisting of convex mirror M3 and concave mirror
Mg). Vacuum is provided in order to isolate the crystal liquid nitro-
gen temperature, (Although it may not be evident from the drawing,
the ;ens-input mirror element is separated {rom the crystal by a small
gap.
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Fig. 2. Simplified diagram of the pumping optical cycle. Centers are
excited in the normal configuration (levels 1-3) with a pumping rate
Up, and decay from level 2 by spontaneous emission (decay rate wy)
and stimulated emission (decay rate wel

our experiments, for example, the attained time-average line
width was ~0.01 cm™, a figure much in excess of that at-
tained in the best single-frequency lasers. However, this figure
could be greatly improved with better mechanical and thermal
design. (Short term frequency definition was much better
than the above mentioned figure.) On the other hand, fre-
quency definition to 0.01 c¢cm™ is already more than good
enough for many purposes.

II. THEORETICAL

In this section we treat the problem of spatial hole burning
and its consequences, under the assumption that only one
mode is lasing, i.e., that we have already achieved true single-
frequency operation. The treatment proceeds as follows.
First, we calculate the spatial population modulation due to
the standing wave, then the relative gain for other frequencies
resulting from the population modulation. Finally, we multi-
ply that gain by the frequency response of the grating to ob-
tain the net gain. The criterion for single-frequency operation
is, of course, that the curve of the net gain versus frequency
have just one maximum, located at the lasing frequency. - On
the other hand, where the maxima lie elsewhere, there will
then be simultaneous lasing on several frequencies, We show
that the spacing of these frequencies is equal to the quantity
c/4d (where d is the distance between the gain medium and
the closest mirror) only when the grating band pass is much
wider than that quantity.

A, Spatial Population Distribution

The gain medium is assumed to be a nearly perfect four level
system. As shown in Fig. 2, the nonradiative decay times 7,
and 7, are very short, such that 1/7; 5 3> w; + wy where w; is
the luminescent decay rate and w, is the stimulated decay rate
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in the presence of the laser field. Thus, we have

Ny +N, =N, (1)

where &V, and NV, are the densities of centers in the 1 and 2
levels, respectively, and N, is the total concentration of laser
active centers.

The rate equation describing the optical cycle is

N, =-u, Ny +(wp +wy) Ny

)

where u, is the optical pumping rate, and where we neglect
the radial dependence of the pump and laser mode by suppos-
ing an impinging plane wave. It can be shown that this ap-
proximation leads to an upper limit in the calculated gain and
it becomes more valid when the laser is operating well above
the threshold, i.e., when wg, up >> w,.

Let the wavevector of the single lasing mode be k,. Then
the intracavity standing wave intensity in the gain medium is
given by

I= 1, sin?® (k, nz)

(€)

where z is the distance along the propagation direction, » is
the refractive index, and J;,,x is a slowly varying z-dependent
function, Therefore, the stimulated decay rate is given by

4)

where ¢ is the luminescence cross section. Taking wp. =
0] ax, Substituting (4) into (2), and imposing the steady-state
condition (¥; = 0), we obtain the inverted population along
the gain medium

Wy = 0l = 0l gy sin® (ko nz)

up Ny

Na(z)=

. . 5
Up + Wy + Wiy sin? (konz) )

From (5) we can immediately see that the population N,
varies with half the spatial period of the field, between the
- Values Vi and Ny, given by

_ UpNo
= — 6
T ®)
in the nulls of the laser field and
u, Ny
Npin = a M

up + Wf + Wmax
where the stimulated emission is at its greatest.

B. Gain Analysis

To determine if a potentially competing mode is capable of
lasing, we must first calculate the gain available to it in the
presence of the population distribution just calculated [see
(5)]. In the gain region, the two modes differ by a phase shift
¢ accumulated over the distance d between the closest mirror
and the gain medium itself. (The phases must be the same at
the mirror, where there is a null in the electrical fields.) For
simplicity, we make the assumption that the gain medium is so
thin, and the two frequencies in question are so close, that ¢ is
essentially a constant within the gain region. Although the as-
sumption is not truly correct, it overestimates the gain avail-
able to the competing mode, and hence 'is a conservative as-
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sumption for our purposes. In any event, as ¢ increases with
increasing separation between the two modes, the sinusoidal
intensity profile scans across the fixed population distribution
profile. The maximum gain of the competing mode is attained
when its intensity peaks coincide with the peaks of the popula-
tion distribution.
The phase shift ¢ is given by
T Av

=Akd=—
¢ 2 Avhb

8

where Avy, = (c/4d) is the wellknown “hole burning fre-
quency spacing” and Av is the frequency difference between
the main and competing modes.

The stimulated decay rate for the competing mode (intensity
I' in photons centimeters > - seconds™!) is given by

w(z) = 0l pay sin? (k, nz + ). )

The small signal gain coefficient is computed by taking an
average over one half optical period

4 (T weE)
g0t [ 2 vy (10)
A z Inax
or, substituting for N, (z) from (5), we write
20Nou, 7 sin® (0 +¢)dO
s =22 | Crad an
n o Up TW + Wpay sin® 0

Note that g is now independent of z due to the assumed uni-
form behavior of N, (z). Thus, the overall gain is given by

I max(L)
Iinax(0)
where L is the length of the gain path.

After further simplification and integration, from (11) we
obtain

=exp {g(9) L} (12)

)= aVoun G [1 - (G} )cos o) (13)
where
W
G= Ny (14)

For ¢ =0, g is the gain coefficient of the fundamental mode,
and hence is the gain at threshold

G
&+ = 20N nin (_.___)

G+1 (12)

Substituting (15) into (13), the gain at any given frequency
v =1y, + Avcan be written as

T Ap
v)=g;|1+(G- 1)sin*{ — .
g(») 3;[ (G- 1)sin (2 A%)J
Note that the maximum gain (g, G) is limited by the required
gain at threshold and by the maximum available center density,
ie., G is always less than /N, /N ;, , @ quantity independent
of the pump power.

(16)
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Fig. 3. Gaussian beam with radius wg impinging ona grating at an angle
of incidence 8. The illuminated depth of the grating is lg.

C. Responsivity of the Grating

In order to calculate the grating response, we assume a
Gaussian beam profile with a waist radius, wy, at the grating,
and that the first order reflection must lie exactly along the
incident beam. For w, much greater than the groove spacing
a, it is easily shown that the response of the grating is

R(¥)= R(vy) exp ‘—2 (éi)l }

5y (17

~where v, is the tuned frequency, A as before is the frequency
detuning, and & is the half width at ™2 points of R(¥), and
is given by

(18)
where /, is the illuminated depth of grating as shown in Fig. 3.
Formally, lg is given by .
(19)
Also see Fig. 3 for the definition of 8. A grating operating in

the first order of the Littrow configuration is governed by the
master equation

lg =2wg tan 6.

(20)

It is interesting to note that the seiectivity of the grating
does not depend on the groove spacing but only on the illu-
minated depth.

A=2asin 8.

D. Condition for Single-Frequency Operation in the Presence
- of Spatial Hole Burning

By the net gain v, we mean the product of the gain with all
loss factors. Thus, we may write

7(») =R(») exp 2g(») L - @) 2D

where @ represents the net loss save that associated with the
grating. The well-known threshold gain condition is obtained

by setting y(v,) equal to unity
R(vy)exp (2g,L - o) =1. (22)

It is convenient to normalize (21) by (22) and defining x =
Ap[Avyy: we can write

(x) = exp |2grL(G - 1) sin® (% ") ) 2(5’)]

where g = 8v/Avy,,.
The condition for single-frequency operation is that y(x)

(23)
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Fig. 4. The cavity of Fig. 1, showing distances relevant to cavity analy-
sis, Mirror Mg is an equivalent of M3, M4 and the grating (see text).

have a single maximum occurring at x = Q. If this condition is
not satisfied, that is, if there are maxima elsewhere, then lasing
will also begin to occur at those frequencies as well. (Of
course, once such lasing has begun, the population distribution
given by (5) will be altered and our analysis no longer applies.)
By setting the derivative of (23) equal to zero, we obtain the

equation of the maxima
sin (mx) 4 1 24)
x 78? gL(G-1)"

From (24), the condition for single-frequency operation can
be written as

2A0;,,\2
& LG - 1)< (T:b) (25)
or
I \?
grL(G— l)ﬁ(ﬁ) . (26)

As noted earlier, the maximum gain G is limited by the
total concentration of laser-active centers. Thus, the condition
stated in (25) and (26) can always be satisfied by proper
choice of cavity parameters,

E. Analysis of the Cavity

In this section we analyze effects of the two-mirror telescope
(M3, M,) on the three-mirror cavity [12] described in Section
I and in Fig. 1. In particular, we calculate the condition for
obtaining a stable mode, and its sensitivity to misadjustment
of the telescope. We also calculate the telescope magnifica-
tion, m, and its dependence on cavity parameters.

The first step is to replace the combination of telescope and
grating by a single equivalent mirror, My. As shownin Fig. 4,
let dg be the spacing between the grating and My (focal length
f4), d; be the telescope mirror spacing, and (d,) be the spac-
ing between My and Mj. For convenience, we define a tele-
scope misadjustment parameter

A=di- fa- fa. 27
(Note that in accordance with the usual sign convention, as
the focal length of convex mirror M3, f3 < 0.) Through a
straightforward use of the imaging of optical modes [13] we
calculate to first order in A

o[ R ) A e
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where mqy = | f4/f3|is the nominal telescope magnification fac-
tor. Note that unless the telescope misadjustment A is very
large, the last term in (28) is negligible. We also note that d,
is usually comparable in size to f4; hence the location My is
almost always found in the near neighborhood of the focal
point of M3 (see Fig. 4).

The equivalent radius of curvature, R, of My is given by

R.=f3 +de +ﬁ‘ (29)

& .

Note that, as expected, in the limit of perfect telescope ad-
justment (A = 0), M, is a flat mirror.

Using the stability criteria given in [9] for the equivalent
resonator, we calculate the stability range 2.5 as

=gt () e

where d, is the distance between M, and M,. (Note that for
perfect telescope adjustment, (30) yields the standard result
for a flat output mirror, 28, = f3/(d, - f5).) Therefore in or-
der to have a stable resonator, A must satisfy the condition

s\
A>-2S, ( fz) .
It should be kept in mind that the beam waist at the gain
medium is controlled by the stability range, and hence by A.
In particular, too large A will lead to too large a beam waist.
The ratio of beam spot diameter at the grating to that at
My is given by the telescope magnification factor

(30)

(31

(32)

Therefore when A = 0, we obtain the classical magnification
ratio.

III. REALIZATION AND EXPERIMENTAL RESULTS

For our experiments we used T1°(1) color centers [14] in
KCI:Tl crystals (thickness ~1.7 mm) as the laser active me-
dium [15], [16]. They present a broad absorption band peak-
ing at 1.04 um and can be efficiently pumped by the 1.06 um
Nd:YAG laser line. The laser emission has a broad tuning
range (1.4 um < A < 1.6 um), peaking at 1.52 um. For this
spectral region (and in general for the infrared), high efficiency
gratings are readily available. - (With recently improved effi-
ciencies of gratings in the visible spectrum [17], the method
can be extended to CW dye lasers as well.)

The basic laser cavity is the astigmatically compensated, co-
axially pumped cavity described in [18]. A single optical ele-
ment (L; M, in Fig. 1) was used as the pump beam focusing
lens and input mirror. As mentioned earlier, R; ~ 3.7 mm;
therefore Apy;, = 20 GHz. Temporarily using a real mirror
(R = =) for My(d, ~ 60 cm), we maximized the output power.
We then inserted an aperture in the long arm as a reference for
further cavity modifications. The measured output beam
radius was 0.6 mm, as expected from a beam waist radius in
the crystal of ~20 um. After this optimization L; M; and M,
were kept untouched for all experiments. '
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We tested several possible telescope combinations where M3
has radii of -120 and -200 mm, and M, had radii of 420, 500,
and 1000 mm; the combinations (-120, 420 mm) and (120,
500 mm) showed a better stability, and were easily alignable.
Therefore, the maximum magnification used was ~4.2. Thus
the beam diameter at the grating (2w,) was limited to a value
slightly less than 5 mm.

Two gratings were tested to increase even further the span of
values of &v given by (18), one with 830 g/mm [19] and
another with 1200 g/mm [20]. For A = 1.5 um, these pro-
vided values for 8 of ~38 and 64°, respectively. Both gratings
were gold coated and presented an output coupling (Oth order)
of ~10 percent.

All the frequency spectra were analyzed using a scanning
Fabry-Perot with a finesse greater than 100 and variable inter-
plate distance.

Table I shows the measured mode frequency spacing Ay and
the measured beam spot diameter in the grating (2wy,) for
various telescope-grating combinations. The calculated grating
dispersion v, given by (18), is also shown (see Table I). Note
that as the grating dispersion increases (6» decreases) the fun-
damental and competing modes come closer in frequency until
single-mode operation is achieved (Aw» = 0).

Estimating an internal loss of 10 percent, we can, using (22),
obtain the gain at threshold (g, ~ 0.1). Then with the mea-
sured value of Awr, we can obtain the maximum gain G (24).
The results are shown in Table I. For the experiments with
the 830 g/mm grating (lines 1 and 2 of Table I) we used CW
pumping. The pump power was held to ~2 W since at higher
powers, thermal effects tend to reduce the gain and to limit
the output power. We see that in both cases, the maximum
available gain was about the same. Fig. 5 shows the behavior
of the gain, grating dispersion, and net gain as a function of
the normalized frequency shift, x(=Av/Aw,;), for the pure
CW case. We see that as we increase the grating selectivity
(R, = R,) the net gain maximum is pulled closer to the main
frequency (shown by the maxima of curves y; and Y2 )-

Perhaps it should be stated explicitly that for all the experi-
ments described in Table I, the pump powers were always at
least one order of magnitude above threshold.

In order to achieve higher gain and higher output powers,
the pump beam (now ~5 W) was chopped with a 20 percent
duty cycle. Introducing the more dispersive grating (line 3 of
Table I) we obtained the time average frequency spectrum
shown in Fig. 6, with two modes separated by 5.6 GHz. The
extra, low-amplitude bump is attributed to mechanical insta-
bilities, since the spectrum is time averaged.
scans it was not observed.

Assuming the same net loss, we again, as described before,
calculated the maximum available gain G (see Table I). Note
that in the chopped pumping mode, G is 2.8 times greater than
in pure CW pumping.

Finally, single-frequency operation was achieved by increas-
ing the beam magnification (see line 4, Table I). The measured
time average frequency spectrum is shown in Fig. 7.

Using the fact that the telescope does not introduce signifi-
cant loss (we obtained approximately the same maximum gain
with and without the telescope, as pointed out by lines 1 and

In single fast
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TABLE I
Magnification
Grating B = R_4 Beam Diameter Ay
(g/mm) © R3 2wg (mm) (GHz) bv G
17 830 1¢ 1.2 148 385 4.3
2b 830 4.2 =500/120 4.2 10.8 28.6 4.2
3b 1200 3.5=420/120 4.2 5.6 12.8  11.6
4 1200 4.2=500/120 4.8 0 9.6
541200 4.2=500/120 4.3 0 9.6
Pure CW pumping
Chclpped pumping (duty cycle ~20 percent).
¢ No magnification is used. Grating positioned at Mg.
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Iig. 6. Time average frequency spectrum of the laser output when
using 1200 g/mm grating with wg = 2.1 mm and chopped pumping

(case 3 of Table I).
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Fig. 7. Time average frequency spectrum of the laser output for case
4 of Table I.

2 of Table I), we can use the gain obtained under the condi-
tions of line 3, Table I, to analyze the gain conditions in the
vicinity of single-frequency operation. The results are plotted
in Fig. 8. The net gain ¥ is the result of the grating disper-
sion R5 acting upon the gain g/, and at this point a maximum

Fig. 8. Same as Fig. 5, for cases 3 and 4 of Table I, y4 represents the
net gain for single-frequency operation,

above threshold is still observed. For an increased grating
selectivity (line 4 of Table I), (shown as R,), the resulting net
gain vy, does not cross the threshold line any further, leading
to single-frequency operation.

In fact, using the value of §v for the single-frequency case,
and the same net loss we see that [cf. (25)] the system would
still operate in single frequency for maximum gain up to & <
16.5.

The experiment described in Table I, line 5 was performed in
order to show the effects of reduced G on the true single-
frequency operation. The resultant time average frequency
spectrum is shown in Fig. 9. Note that the frequency width
is much narrower (0.3 GHz) than in the chopped pumping
case (0.85 GHz). This can be understood in terms of the in-
creased sharpness of the net gain curve obtained in pure CW
pumping, and the net resultant tighter control it has over
cavity detuning due to mechanical and thermal instabilities.
That is to say, the smaller the available gain, the sharper the
net gain curve and the narrower the time average frequency
spectrum. We also note, again, that the instantaneous fre-
quency spectrum is much sharper than the time average be-
havior of Fig. 9.

As already indicated in the introduction, the instantaneous
frequency spectrum is much sharper than the time average be-
havior shown in Fig. 9. That is, during lulls in vibration of the
cavity mirrors, the observed line width was a small fraction of
the cavity mode spacing (0.1 GHz). This observation consti-
tutes further and very direct evidence that our laser had indeed
achieved single-frequency operation. Once again, a greatly
reduced time average bandwidth should be achievable, simply
through use of a more mechanically stable cavity.
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Fig. 9. Same as Fig. 6 for case 5 of Table I.

All the above results and analysis were carried out with the

laser tuned to the peak of the laser emission band. As we scan
the laser to the short wavelength side, the grating selectivity,
(6v7Y), decreases. This effect is compensated by the decrease
of the gain cross section, and the corresponding decrease in G.
In fact, we did not observe deviations from single-frequency
operation when scanning through the gain curve.
- Finally, we must point out that increasing the output cou-
pling reduced the required G to achieve single-frequency oper-
ation [see (26)] ; in addition it increases the amount of travel-
ing waves inside the resonator. These homogeneously depopu-
late the gain medium, thereby reducing the population for the
competing mode. Again, the requirements for single-fre-
quency operation are overestimated in our calculations.
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