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Breakup of cw multimode oscillations and low-frequency instability
in a microchip solid-state laser by high-density pumping
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The effect of high-density pumping on lasing mode spectra is investigated in a laser-diode pumped micro-
chip LiNdP4O12 ~LNP! laser. Breakup of multimode oscillations, leading to single-mode oscillations, is ob-
served experimentally. It is shown analytically that the enhanced Auger recombination process among excited
Nd ion pairs results in a strong deformation of spatial hole-burning patterns, leading to a destabilization of the
multimode laser output via a quadratic-to-quartic transition of the spatial distribution of population inversion.
The destabilization threshold is shown to be given by a universal relation which reproduces experimental
results quite well. A mode-partition instability is observed above the transition, whose properties are intimately
related to the antiphase dynamics.@S1050-2947~97!03610-X#

PACS number~s!: 42.50.2p, 42.55.Rz
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I. INTRODUCTION

The spatial hole-burning effect of population inversi
resulting from lasing standing-wave patterns in Fabry-Pe
laser resonators was introduced by Tang, Statz, and deM
~TSD! in the early 60’s@1#. It is the fundamental physica
process which allows multimode oscillations in homog
neously broadened solid-state lasers. This is due to the
spatial diffusion of population inversions in solid-state las
crystals such as YAG. TSD expanded the distribution
population inversion into spatial Fourier components and
rived the so-called TSD equations by retaining only t
space average and Fourier components varying at op
wave numbers@1#. The relation between lasing mode numb
and pump rate was deduced from the TSD equations@1,2#
and was verified experimentally in various solid-state las
including Nd:YAG lasers@3#.

The recent rapid progress of high-power laser-dio
pumped microchip lasers has driven a renaissance of s
state laser physics research and led to novel phenom
such as winner-takes-all dynamics and antiphase peri
states@4,5#, antiphase dynamics@6–8#, dynamical nonrecip-
rocal independence@9#, and universal power spectra relatio
in multimode lasers@10,11#. One of the most peculiar fea
tures inherent in high-power laser-diode pumped miniat
microchip solid-state lasers is the Auger recombination p
cess among excited ions, which is expected in microc
lasers with high-density pumping@12#. In the Auger process
two excited electrons in the4F3/2 level interact due to ex-
cited state absorption: one electron makes a transition to
lower laser level4I 11/2 emitting a 1.05mm photon, while
another electron is excited to the higher energy level2GI9/2.
The Auger coefficient is proportional to excited ion dens
Ne and a strong Auger effect is expected in state-of-art hi
power laser-diode-pumped microchip lasers with hig
561050-2947/97/56~4!/3226~7!/$10.00
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density pumping such as Nd:YVO, Nd:LSB, Cr:LiSAF, et
Particularly, Nd stoichiometric~e.g., direct compound! lasers
such as NdP5O14 @13#, LiNdP4O12 @14#, NdAl3~BO3!O4 @15#,
and Nd:CeCl3 @16# developed in the early 70’s in which th
Nd ion concentration is 30 times higher than in conventio
microchip lasers, are promising candidates for investigat
the effect of Auger recombination process on spatial ho
burning and multimode oscillations.

In this paper, the effect of high-density pumping on sp
tial hole-burning is investigated experimentally and theore
cally. In Sec. II, experimental results concerning the effec
high-density pumping on lasing mode spectra are shown
using a laser-diode pumped microchip LNP laser. It is sho
that the breakup of multimode oscillations, leading to sing
mode oscillation, takes place above a critical pump den
threshold. In Sec. III, analytical results on the high-dens
pumping effect are described and it is shown that the Au
recombination process inhibits the multimode regime in
vor of the single mode regime. A simple criterion is deriv
for the critical pump power at which the multimode oper
tion becomes unstable. These theoretical results are show
reproduce experimental results quite well. In Sec. IV, an
stability associated with the deformation of the spatial dis
bution of population inversion is demonstrated experim
tally.

II. EXPERIMENTAL RESULTS

A. Input-output characteristics

Experiments were carried out by using a laser diode~LD!-
pumped LNP laser. An experimental setup of an LD-pump
microchip LNP laser is depicted in Fig. 1. The LNP crys
was 1-mm thick and dielectric mirrors were coated on b
3226 © 1997 The American Physical Society
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56 3227BREAKUP OF CW MULTIMODE OSCILLATIONS AND . . .
ends of the crystal. The output coupling was 1% at 1048 nm
A collimated lasing beam from the laser diode oscillating a
lp5808 nm was passed through anamorphic prism pairs
transform an elliptical beam into a circular beam and wa
focused onto the LNP crystal by a microscope objective len
~M 403!. By changing the distance between the lens and th
LNP crystal, the pump beam spot size was controlled. A
linearly-polarized TEM00 mode oscillation along the pseu-
doorthorohmbicb axis was observed.

Input-output characteristics measured for different pum
spot sizes are shown in Fig. 2. Here, the effective pum
beam spot sizewp averaged over the absorption lengthl p
.1/ap5100mm ~ap.100 cm21 is the absorption coeffi-
cient of LNP atlp5808 nm! was estimated to be 50mm ~a!,
40 mm ~b!, and 25mm ~c! from the pumped cross section,
respectively. Such a short absorption length implies that th
population inversion is strongly localized at the input mirror
region inside the laser resonator. The number of oscillatin
modes is added in the figures. The oscillating beam spot si
was estimated to bew0.150mm and the slope efficiency is
found to increase as the pump spot sizewp is decreased.

In the case of Fig. 2~a!, we find from the measured thresh-
old pump power thatNe /N05Nth /N0.0.028, whereNth is
the threshold Nd density for lasing,Ne is the excited Nd
density, andN0 is the Nd concentration in LNP crystals@14#.
In this case, usual input-output characteristics, in which th
number of oscillating modes increases with the pump powe
@1–3#, are obtained. When the pump power density is in
creased by decreasing the pump beam spot size, unus
input-output characteristics are observed as shown in Fi
2~b!. In the case of Fig. 2~b!, Ne /N0.0.046 and the breakup
of multimode oscillation is found to occur atw[P/Pth
5wc.2 indicated by an arrow, at which a number of mode
begins to decrease, leading to single-mode oscillation, whe
P is the pump power andPth is the threshold pump power.
As the pump power density is increased further as in Fig
2~c!, spontaneous single-mode oscillation is observed in th
entire pumping domain. In the case of Fig. 2~c!, the ex-
tremely high-density pumping ofNe /N0.0.1 is attained. In
fact, in LNP crystals, each Nd ion has eight nearest-neighb
Nd ions @17#. Therefore, in the case of Fig. 2~c!, an excited
ion will, on average, begin to see one excited ion among i
nearest neighbors, assumingN054.3731021 cm23 @14#.

Observed spontaneous single-mode oscillations are ve
attractive from the view point of practical applications. In
particular, single-mode oscillations in a 1-mm-thick LNP la-
ser ensures laser-diode pumped single-frequency intracav
second-harmonic generations~ISHG! by attaching a
frequency-doubling crystal to the LNP crystal. The single

FIG. 1. Experimental apparatus of a laser-diode pumped LN
laser.
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mode oscillation in ISHG enables us to avoid instabiliti
~e.g., ‘‘green problem’’! resulting from ISHG in multimode
lasers@18#.

B. Antiphase relaxation oscillations

In the case of multimode class-B lasers with spatial h
burning, in which polarization lifetime is much shorter tha
the population inversion lifetimet, it has been establishe
from intensive theoretical and experimental studies that
total output features damped relaxation oscillations a
unique frequencyf 15(1/2p)A(w21)/ttp ~tp : photon life-
time!, while each mode exhibitsN relaxation oscillations,
namely, f 1. f 2.•••. f N , whereN is the number of lasing
modes@6–8#. The so-called McCumber frequencyf 1 corre-
sponds to the relaxation oscillation frequency in a sin
mode laser derived from the simple linear stability analy
of a single-mode laser. In other terms, individual modes

P

FIG. 2. Input-output characteristics and number of oscillat
modes in a laser-diode-pumped LNP laser for different pump d
sities.
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self-organized to exhibit antiphase dynamics such that l
frequency relaxation oscillations are strongly suppressed
the total output.

In the present experiment, such self-organized nature c
cerning antiphase relaxation oscillations was confirmed
multimode oscillation regimes independently of the pum
power density. Examples are shown in Fig. 3, where me
surements were carried out in multimode regimes below
critical pumpwc in Fig. 2~b!. The left-hand photographs cor
respond to power spectra for the first lasing mode at t
wavelength l l ,151047.6 nm, which corresponds to th
4F3/2(1)→4I 11/2(1) transition, and the right-hand photo
graphs correspond to power spectra for the total output. I
apparent that relaxation oscillation peaks are strongly s
pressed in the total output, except at the McCumber f
quencyf 1 which are driven by ‘‘white’’ noise. We shall refer
to this property later on in this paper as generic antipha
property. In Fig. 3, the second lasing mode appears via
4F3/2(1)→4I 11/2(2) transition atl l ,251055 nm, the third
lasing mode appears via the4F3/2(1)→4I 11/2(3) transition at
l l ,351060 nm, and the fourth lasing mode appears atl l ,4
51048 nm which belongs to the4F3/2(1)→4I 11/2(1) transi-
tion. Note that the longitudinal mode spacing is an o

FIG. 3. Power spectra for modal and total outputs in the fre
running LNP laser corresponding to Fig. 2~b!. ~a! Two-mode re-
gime, ~b! three-mode regime, and~c! four-mode regime. Left-hand
figures indicate power spectra of the first-lasing mode and rig
hand figures indicate power spectra for the total output. For the to
output, input power to rf spectrum analyzer was attenuated by210
dB. vertical scale: 10 dB/div. horizontal scale: 300 kHz/div.
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der of magnitude larger than the value determined by
cavity lengthL, which givesDl5l2/2nL50.34 nm. On the
contrary, above the critical pumpwc , the 1048 nm mode
stops lasing at first as the pump power is increased,
1047.6 nm mode is turned off next, and then the 1055
mode is turned off, and finally single-mode oscillation
1060 nm survives. Similar multiple-transition oscillation
featuring ‘‘cross mode’’„see Fig. 10~c! of @19#… was reported
in Ar laser pumped LNP lasers reflecting the decrease
reabsorption loss in unpumped region of the LNP crys
L ra(1.048).L ra(1.055).L ra(1.060)@19#. Each of these tran-
sitions supports the lasing of many longitudinal modes se
rated byDl. In the present case, due to the strong locali
tion of the population inversion near the input mirror, near
modes separated byDl are strongly quenched as a result
the mode competition through the strong cross satura
@20#. Generic antiphase relaxation oscillation property w
observed both below and above the critical pump. Fr
these observations, it is concluded that antiphase dynam
inherent in multimode lasers with spatial hole burning ho
even in the case of multiple-transition oscillations by hig
density pumping.

C. Ar laser and Kr laser pumping

Experimental results described so far strongly implies t
high-density pumping results in unusual input-output char
teristics. To verify this idea more precisely, we employ
other pump sources with different absorption coefficientsap
instead of the laser diode, to change pump power den
more drastically. For this purpose, an Ar laser~lp
55145 Å, ap523 cm21! or a Kr laser ~lp57993 Å, ap
5250 cm21! served as a pump. The absorption lengthsl p

.ap
21 were 435mm for 5145 Å and 40mm for 7993 Å,

respectively.
In the case of Ar laser pumping, in which absorptio

length is much longer than LD pumping, usual multimo
oscillation characteristics such as in Fig. 2~a! were observed
for various pump beam spot sizes. For Kr laser pumping
which the pump wavelength matches with the absorpt
peak of LNP crystals@21#, spontaneous single-mode oscill
tions were observed in entire pump regimes.

III. THEORETICAL RESULTS

A. Smoothing effects of spatial hole-burning pattern

The favored single-mode oscillations in high pump de
sity regimes@e.g., Figs. 2~b! and 2~c!#, strongly suggest tha
spatial hole burning patterns tend to be smeared out as
pump power density is increased. A first source of smooth
of spatial hole burning pattern is resonant transfer, i.e., re
sorption process@21#, as shown in Fig. 4~a!. Since the relax-
ation energy is transferred in full to one of the neighb
nonexcitedions, all fluorescence transitions can contribute
resonance transfer. This is effective since the overlapp
between emission and absorption lines is perfect. Especi
the 4I 9/2(1)→4F3/2(1) transition from the ground state is th
most effective in resonance transfer for LNP crystals. Ba
on the spectroscopic data of LNP@21#, the transfer probabil-
ity of excitation energy to one of the neighbor ions via t
4I 9/2→4F3/2 reabsorption process is estimated to beWJ

-
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51.23108 s21, which yields the diffusion distancedAWJt
5800 Å in LNP crystals, whered56 Å is the mean separa
tion between Nd ions andt5120 ms. Since this is much
shorter than a quarter-wave length, spatial hole-burning
tern is not sufficiently smeared out by this energy migrat
process in LNP crystals.

The second possible mechanism is Auger recombina
process depicted in Fig. 4~b!, in which two excitedNd ions
interact and the pair annihilation takes place through exc
state absorption via the4F3/2→2GI9/2 transition in LNP
crystals. Since this process occurs in proportion toNe

2, the
enhanced deformation of spatial hole-burning pattern is
pected in high pump density regimes. In the following, t
effect of Auger recombination process on spatial hole bu
ing pattern is analyzed theoretically.

B. Quadratic-to-quartic transition of spatial hole-burning
pattern

The rate equation for the population inversion dens
N(z) including Auger recombination process is given by

dN~z!

dt
5P~z!2

@11q2N~z!#N~z!

t
2BcN~z!S~z!, ~1!

whereP(z) is the pump rate,t is the population lifetime,q2
is the Auger parameter,Bc is the stimulated emission coe
ficient, andS(z) is the photon density. Let us introduce th
population inversion density at the lasing threshold avera
over the absorption lengthNth5(1/l p)*0

l pN(z)dz. For the
LNP laser,l p.100mm. Defining a normalized populatio
inversion throughn(z,t)[N(z,t)/Nth , we find in steady
state

n~z!5
212s~z!1A@11s~z!#214q2Nth~z!w~z!

2Q2
. ~2!

Here, w5tP/Nth is the normalized pump power,s(z)
5BcS(z)t is the normalized photon density, andQ2
[q2Nth is the normalized Auger parameter. Assumi

FIG. 4. Models of~a! fluorescence reabsorption process and~b!
Auger recombination process in LNP lasers. Here, 1 indicates
transition between the ground state and the excited state at 870
2 corresponds to the lasing transition at 1048 nm for↓ and corre-
sponding excited state absorption for↑, 3 corresponds to the lasin
transition at 1320 nm for↓ and corresponding excited state abso
tion for ↑.
t-
n

n

d

x-

-

y

d

4q2Nthw!@11s(z)#2 ands(z)5s1sin2k1z, wherek1 ands1
are, respectively, the wave number and the photon densit
the first lasing mode, Eq.~2! is approximated by

n~z!.
w

11s1sin2kz
2

Q2w2

@11s1sin2kz#3 , ~3!

where we have also assumedw5(1/l p)*0
l pw(z)dz. In

NdP5O14 lasers, for example,Q251.8 when the excited Nd
ion densityNe is 50% of the total Nd ion concentrationN0
@12#. Equation~3! expresses the population inversion dist
bution when only the first lasing mode is oscillating.

If Q2 is sufficiently small, the functionn(z) has two
maxima and two minima in a period 0<kz,2p. If Q2 is
sufficiently large, the functionn(z) has four maxima and
four minima in each period. At the transition between the
two domains, two extrema ofn(z) coincide which means
that n(z) has quartic instead of quadratic extrema. Expa
ing n(z) around its maximumn(z)5n(zmax)1(z2zmax)

2n9
1••• , the quadratic-to-quartic~Q2Q! transition is character-
ized byn950. Solving this equation for the critical pump a
which this transition occurs yields the relation

wc5
1

3Q2
. ~4!

This simpleuniversal relationimplies thatthe transition oc-
curs independently of the first lasing mode intensity s1 and
that the critical pump is determined only by the Auger p
rameter.

A numerical example based on Eq.~3! is given in Fig. 5.
Here,Q250.1, 0.17 and 0.36 are assumed, where these
ues correspond to the estimatedQ2 values for Figs. 2~a!,
2~b!, and 2~c!, respectively. For moderate values ofQ2 , as in
Fig. 5~a!, the quadratic-to-quartic transition is not reach
for reasonable values of the pump rate. For largerQ2 , the
transition is reached for finite pumping~wc.2 for Q2
50.17! and the population inversion distribution is strong
deformed abovewc as shown in Fig. 5~b!. The wc-value
agrees with the analytic result obtained from Eq.~4! as well
as with the observed value in Fig. 2~b!. Consequently, the
overlap integral between empty cavity eigenmodes and
deformed population inversion pattern is decreased as
pump is increased in the regime abovewc . Eventually, mul-
timode oscillations becomes unstable. This result paral
the change of slope observed aroundwc in Fig. 2~b!. At the
critical pump w5wc , the population distribution display
the plateau characteristic of the quartic maximum as sho
in Fig. 5~b!. Finally, in the caseQ2>1/3, shown in Fig. 5~c!,
the standing-wave pattern is no more sinusoidal right fr
the lasing threshold, leading to spontaneous single-mode
cillation. In other terms, the dip in the center ofn(z) corre-
sponds to the node of the eigenfunctions, whereas side
cut excess energy in antinodes.

Although the condition given by Eq.~4! was derived in
the single mode regime, we have verified numerically tha
still gives a good approximation ofwc in the multimode
regime in the range of pump rate used in the experiments
which a number of modes is not large.
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FIG. 5. Numerical spatial distribution of population inversio
for various pump levels when the first lasing mode is oscillating.~a!
Q250.1, ~b! Q250.17, ~c! Q250.36. The first lasing mode inten

sity was assumed to bes15( 4
3 )(w21), which is easily derived

from simple calculations. In case~b!, the quadratic-to-quartic tran
sition occurs atw5wc.2.
IV. INSTABILITY ASSOCIATED WITH DEFORMATION
OF SPATIAL HOLE-BURNING PATTERN

A. Mode-partition noise above the Q2Q transition

When the pump is increased beyondwc , amode-partition
instability appears in the multimode domain abovewc , be-
fore the single mode domain is reached. The threshold pu
for the onset of this instability depends on the pump con
tion ~spot size!. A typical example of oscillation wave form
and corresponding power spectra for modal outputs is sh
in Fig. 6 in the three-mode regime. The power spectr
exhibits a peculiar spectrum aroundf Mp.1.3 MHz, which is
indicated by the arrow⇑. It consists of many closely space
line spectra separated byf mp.1 kHz, in addition to relax-
ation oscillation frequency peaksf 1 , f 2 , f 3 driven by white
noise, as is shown in Fig. 6~b!. The corresponding moda
output wave form in Fig. 6~a! shows fluctuation roughly at 1
kHz. The amplitude of fluctuation was measured to be ab
10% of the averaged output power.

This fluctuation component shifts towards a higher f
quency side as the pump power is increased. Results
shown in Fig. 7, where two-mode oscillation is occurring.
this case, the power spectrum for the modal output featu
additional large amplitude broad-band fluctuation comp
nents peaked around 100 kHz indicated by the arrow↑ in
Fig. 7~b!, in addition to the relaxation oscillation frequenc
peaks atf 1 and f 2 . The corresponding wave form in a
expanded time scale features random fluctuation at 100
as shown in Fig. 7~a!. This tendency of the appearance
broad-band noise was always observed when the pu
power density was increased.

It should be noted that this instability occurring above t
quadratic-to-quartic transition disappears completely for t
total output. This is shown in Figs. 6~c! and 7~c!, in which
only the McCumber frequency peakf 1 is observed. Thus, the
modal outputs exhibit anticorrelated amplitude fluctuatio
while the total output is completely free from such mod
partition instability. The strong suppression of low-frequen
relaxation oscillations atf 2 and f 3 for the total output results
from the usual antiphase dynamics mentioned in Sec
@6–8#. However, the classic TSD multimode rate equatio
are unable to describe the mode-partition instability repor
in this section.

B. Discussion

The mode-partition instability reported in this section w
not observed in the case of Fig. 2~c!, in which spontaneous
single-mode oscillation is ensured as shown in Fig. 5~c!. This
strongly implies that multimode oscillations above the tra
sition derived from Eq.~4! is the key for understanding thi
instability. We introduced such effects as the higher-or
spatial Fourier components of spatial hole-burning patt
and the strong localization of population inversion at t
input end surface of the crystal, in addition to the Aug
recombination effects, into TSD multimode equations. Th
effects are found to increase the second lasing mode thr
old further. In addition, the breakup of multimode oscill
tions featuring the decrease in mode numbers 4→3→2→1
observed in the experiment has been reproduced. Howe
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solutions of eigenvalue problem~e.g., linear stability analy-
sis! of these modified TDS equations tell us that no insta
ity appears.

These results suggest that in these high-density pum
regimes, there is no longer a one-to-one correspondence
tween cavity modes and lasing modes. In other terms,
must investigate spatiotemporal multimode laser dynam
including a large number of cavity modes and a spatial d
tribution of population inversion in the beam propagati
direction. The observed instability will be best described

FIG. 6. ~a! Modal output wave form,~b! corresponding power
spectrum, and~c! power spectrum for the total output indicatin
mode-partition instability featuring antiphase dynamic propert
The pump power was set in the three-mode oscillation dom
above the kinkwc . ~a! horizontal scale: 5 ms/div.~b!,~c! horizontal
scale: 300 kHz/div. vertical scale: 10 dB/div. For the total outp
spectrum, the input signal was attenuated by210 dB. The disap-
pearance off 2 and f 3 peaks result from usual antiphase dynami
l-

ng
be-
e
s
-

y

equations in which modal expansions have not yet been
troduced. Another peculiar feature to be bear in mind is th
interplay between lasing modes belonging to different tra
sitions. Here, the wavelength separation of these mod
DlL.5 nm is of the same order of magnitude as the fluo
rescence linewidth of each transitionDlF}T2 , the trans-
verse relaxation time@21#.

A feature of this problem is the Auger effect which lead
to a high-density correction proportional toN2 in the evolu-
tion of the population inversion. In view of the modal expan
sion which leads to the usual TSD equations, theN2 term
will induce a second source of recurrence: each modal a
plitude D(n;q,t)5(1/L)*0

LDn(z,t)cos(2pqz/L)dz will de-
pend onD(n;q6q8,t) as in the TSD equations but also on

.
in

t

.

FIG. 7. Mode-partition instability observed when the pum
power was increased.~a! Modal output wave form in an expanded
time scale of 50ms/div. ~b! Power spectrum: 300 kHz/div. All the
fluctuation components except forf 1 were also suppressed for the
total output.
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D(n11;q,t). Hence a new truncation scheme is necess
to account for the Auger effect. Work along this direction
in progress and will be reported in a separate publication

V. CONCLUSION

In conclusion, the breakup of multimode oscillations in
laser-diode pumped microchip stoichimetric LiNdP4O12 laser
due to the strong deformation of spatial hole-burning p
terns, which arises from high-density pumping, has been
vestigated. A simple universal relation between critical pu
and Auger parameter for quadratic-to-quartic transition
population distribution function, which supports the expe
mental results on lasing mode spectra, has been given. S
taneous single-mode oscillation has been realized accor
to this relation.

A mode-partition instability has been found to occu
which is associated with the strong deformation of popu
m

ys

lo

pt
ry

t-
-

p
f
-
on-
ng

,
-

tion inversion distribution above the quadratic-to-quar
transition, and its challenging property has been shown
perimentally. A full theoretical explanation of this instabilit
is now under investigations. However, the present lo
frequency instability provides research issues for laser ph
ics involving multimode laser dynamics.
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