PHYSICAL REVIEW A, VOLUME 62, 053808
Laser with thresholdless intensity fluctuations

N. J. van Druten, Y. Lien, C. Serrat, S. S. R. Oemrawsingh, M. P. van Exter, and J. P. Woerdman
Huygens Laboratory, Universiteit Leiden, P.O. Box 9504, Leiden, The Netherlands
(Received 27 September 1999; revised manuscript received 29 March 2000; published 17 October 2000

We have studied the quantum-noise properties of a small slow-inversion laser experimentally and theoreti-
cally. As a function of pump rate, the average output intensity shows a sharp threshold, but the intensity
fluctuations do not. Under quite generic conditions the intensity fluctuations of a sufficiently small slow-
inversion laser show highly super-Poissonian statiggesn two times above threshgldlue to the very weak
damping of the spontaneous-emission-driven relaxation oscillation.

PACS numbegps): 42.50.Lc, 05.70.Fh, 42.55.Sa

[. INTRODUCTION many of the relevant aspects within the simplest possible
framework. To quantitatively describe our experimental data
One of the key features of any laser is its threshold. Mosa more detailed model is needed; specifically the lower-level
standard treatments of laser thresh@ee, e.g., Ref$1—3)) dynamics needs to be taken into account. The extended
use a so-called class{4] description, i.e., the gain medium theory is described in Sec. lll B. In Sec. IV we then present
is assumed to be sufficiently fast that it may be adiabaticallghe experimental data and compare them to the results of the
eliminated. It can then be shown that laser threshold charad¢heory. We close in Sec. V with a discussion of our results
teristics are determined by a single paramgtethe fraction ~and some conclusions.
of the spontaneous emission going into the lasing niédle
For conventional <1) lasers, including the great majority
of current microlasers, threshold manifests itself in two
ways: when the pump power is increaséd, the average The laser configuration used in our experiments is indi-
output into the lasing mode increases suddenly @ndhe cated in Fig. 1. It consists of a coated, 0.2-mme-thin
relative intensity fluctuations drop dramatically, from the Nd:YVO, laser crystala “microchip” [7]), combined with
thermal level below threshold to near the shot-noise leveh concave output coupler with a 25-mm radius of curvature.
above threshold. The relative width of the threshold regiornThe a-cut Nd:YVO, crystal has a specified doping of 1%
defined according té) or (i) is on the order of3¥2 When  atomic Nd, and a refractive index,=2.17 at 1064 nni8].
the size of a laser is reduced, fewer modes of the electromag-he output coupler, with a measured reflectivity,=80% at
netic field will be available for spontaneous emission, gnd 1064 nm, is placed as close as possibied(1 mm) to the
will increase. There is considerable current interest in suclaser crystal. The microchip laser is optically pumped using
microlasers, both from a fundamental and from a practicathe intensity-stabilized output of a titanium-sapphire laser
point of view [6]. When approaching th@=1 limit, the  operating at 808 nm. The root-mean-square intensity fluctua-
threshold concept becomes illdefined with respect to kigth tions of the pump light are less than 0.1%.
and (ii). Hence lasers with largg are often referred to as Nd:YVO, has a homogeneously broadened laser transi-
“thresholdless” laser$5]. tion at 1064 nm. The fluorescence at 1064 nm of our laser
We report here experiments which demonstrate that, corerystal was measured to have a near-Lorentzian spectrum
trary to the above standard treatment, under quite generigith a full width at half-maximum(FWHM) of vy, /=7
conditions the laser fluctuation threshold can disappear evea0.22(2) THz, while the decay rate of the upper laser level
for <1, although theaverageoutput intensity still exhibits was determined ag;=1.3(1)x10" s 1. The lower-level
a well-defined threshold. In our single-mode laser, the flucdecay ratey, is very much larger, 1.810° s ! [9], hence
tuations remain at the thermal level even two times above
threshold. We show theoretically that this behavior occurs Output coupler

when the inversion dynamics are too slow to efficiently Nd:YVO,

damp the effects of the quantum-noise source, and demon- g /
strate how this can be quantitatively understood via a class-B Pump: 808 nm Laser output
[4] description of the quantum-noise-driven laser dynamics. Ti:sapphire 1064 nm
We thus find that this surprising behavior is an inherent

Il. EXPERIMENTAL SETUP

\

property of any slow-inversion laser that is sufficiently small y
(i.e., has a sufficiently largg), see conditior(13) below. HR@1064 nm /‘

The outline of this paper is as follows. We start in Sec. Il AR@80BNM AR oo AR
by describing the experimental setup. This will also serve to m

set the stage, introducing typical magnitudes for the laser FiG. 1. Laser configuration used in the experimefist to
parameters that we will be interested in. Next, we describ@calg. The laser cavity is formed by the concave surface of the
the theory in Sec. lll, in particular focusing on the parametefoutput coupler and the pump-side surface of the Nd:¥\i&ser
values introduced in Sec. Il. We start with the case of arcrystal. The dielectric coatings are indicated, HR for highly reflec-
ideal four-level laser in Sec. lll A. This allows us to discusstive, AR for antireflection coating.
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the 1064-nm transition in Nd:YVQis generally considered S B%
to be an ideal four-level laser transition. The length of the \ a

microchip laser cavity could be piezoelectrically tuned. By _ A/\A < = |\
detuning the cavity away from gain maximum, the microchip "Il = 7e n T,

laser could be made to lase in two longitudinal modes. The b

typical longitudinal mode spacing found in this way, using a 'yb;

tunable planar Fabry-Perot interferometer, wafl _ _ _

=0.27(3) THz, so that we deduce an optical cavity length FIG- 2. Schematic overview of the relevant coupling and decay
|op=0.56(5) mm, consistent with the lengths given above rates of the laser considered here, see Efjsand(20). The upper

From the cavity parameters we estimate the cavity loss ratlgser I_evel, 3, is pumped at a rafe and decays b.y spontaneous
_ -~ 0 1 . emission at a rate,= y to the lower laser leveéd which decays at
to bel'c= —(c/2l 5p)INR,=6x10" s7%, and, using the re-

. ‘s . v, - A fraction 8 of the spontaneous emission couples to the mode
sults in Ref.[10], B=2Xx10"". For the experimental data in the optical cavity that is lasing for sufficiently strong pur8p

presented here, the microchip cavity was tuned so that thehe number of photons in that mode is denoted rhyand the
cavity resonance coincided with gain maximum, and we‘cold” cavity decay rate is denoted bl . For the ideal four-level
verified that the microchip laser operated in a single transease, Eqs(1), the lower-level decay rate, is assumed to be suf-
verse and longitudinal mode using the Fabry-Perot interferficiently large that the lower level population can be neglected.
ometer. The laser output at 1064 nm was sent through an
optical isolator and detected on a calibrated InGaAs photo- A. Ideal four-level laser
detector(effective bandwidth 20 MHz We limit ourselves here to a single-mode laser with a
homogeneously broadened gain medium operated at gain
maximum in the good-cavity regimey(>1";), and not too
Ill. THEORY far above threshold where spontaneous emission is the main
) ) ) ) source of quantum noise. The level structure and relevant
In this section we give the theory needed to describe thegtes are schematically indicated in Fig. 2. In this section, we
intensity noise of a slow-inversion laser. We will concentrategonsider the case of an “ideal four-level” laser, i.e., the
on the phOtOﬂ number fluctuations normalized in the tWOdecay rateyy, of the lower laser level is assumed to be suf-
ways that are commonly us¢d-3,5, namely, the normal- ficiently large that the lower-level population can be com-
ized variance, known as the Fano fackor:(5n?)/(n), and  pletely neglected.
the reduced factorial moment Q,=(F—1)/(n) For such a laser, the following rate equations for the int-
~(&n?)/{n)?. The Fano factor normalizes the intensity fluc- racavity photon numben and the inversiorN (number of
tuations to the shot-noise levél=1 for a Poissonian distri- upper-level atomscan be derived from the laser Maxwell-
bution. In usual laserss is of order unity both above and Bloch equationg15]
below threshold, and shows a sharp peak at threshdld,

=1, with a width of~BY2in M, and a height ot (43) 12 n=—Ten+ByNn+Rgtfr, (1a)
[see Fig. 4b)], whereM is the normalized pump parameter. .
The reduced factorial mome®@, normalizes the intensity N=S—yN-ByNn, (1b)

fluctuations to those in a single mode of a thermal field,
Q,=1 for the Planck distribution in a single optical mode, Where S is the pump rateRs;=NpBy, is the spontaneous
while Q,=0 for a Poissonian distribution. In usual lasers, €mission rate into the lasing mode, alig, 8, andy| have
the reduced factorial momef@, drops steeply from one to been defined above. The Langevin noise sofisaepresents
zero in the same threshold rang®,= 1/2 is reached au the quantum noise associated with spontaneous emission,
=1) with a width ~2 [see Fig. 4)]. Note thatQ, and satisfies(f,(t)f,(t"))=2Rsns(t—t"). The inversion
=g,(0)— 1, with g, the normalized second-order coherencenoise sourcefy has been neglected in E(Lb); this is dis-
function [2]. cussed in some more detail in the Appendix.

We start in Sec. Ill A with the simplest case, and use itto  The steady stateng,No) is readily calculated by neglect-
derive simple expressions for the intensity noise propertield f, and setting the time-derivatives in Eq4) equal to
for a laser around threshold. The standard results for théero. This yields

intensity noise around laser threshold are recovered only for 'c ng

a limited range of laser parameters, and two new regimes are Nfﬁ ma— (23
identified. Although the key elements of this analysis can be I

traced back to the early work of McCumbgkl] and Lax M _ Mo (2b)
[12], the consequences for the noise threshold seem to have 1+B8ny np+1’

been overlooked so far. Recently, a similar analysis was in-
dependently developed by Hofmann and HEE3,14 who  with M=Sg/T’; the normalized pump rate. From E@b)
focused on the relevance for semiconductor lasers. Next, iane directly finds the well-known resijlit-3,5

Sec. Il B, the theory is extended to include the lower-level

dynamics, which will turn out to be important for a quanti- n :E
tative understanding of the experimental data. 0

B

2

M—-1 M—-1
2 2
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As long asB<1, ny shows a sharp increaseMt=1, defin- (5n2) p: y
ing the common threshold in the average output intensity. —=1-| 5— ( N ) 7
Equation(2¢) also shows that the laser thresholdchiphas a No @it Yayn) L NT i

sharpness of ordgs*? in the pump paramete.

Turning now to the fluctuations, we write=ny+ én and
N=Ng+ 6N, and linearize Eqq1) around steady state. This
yields

This is the central result of this section.

Our interest here is in a laser wifB<1 operated near
threshold or above threshold(=1) so thatng=8"1%>1,
see Eq.(20). Thus, we can neglect the subtleties associated
P with the difference betweeny+1 andngy, and may write
on Yoo+ Byt )N+, 33 Q,=(F—1)/ng=(sn?)In?, i.e., Eq.(7) directly gives both
Q, andF. The appeal of Eq(7) is that it shows directly that
the noise level only drops much below the thermal level of

The fluctuations in photon number and inversion are botf92=1 whentwo conditions are met, namely;,> ynynand
intrinsically damped, so that the steady state found above i¥n= ¥n- Thus, the fluctuation threshold can be discussed in
indeed a stable solution, as is well-known for a class-B lasefe'ms of two dimensionless ratios, namely,

[4]. The damping rates are the “photonic damping;, 2

SN=—yNoBdn— yyoN. (3b)

2
=Rgp/Np=I"c/(no+1) and the “atomic damping” yy “ro _ Ao (8)
=v(1+ Bng), respectively. The atomic damping rate repre- Yayn  1+B8ng
sents the net stabilizing effect of the inversion on the laser
dynamics. The photonic damping is the net damping rate of"
the “loaded” cavity. It is directly related to the presence in " n
Eq. (1a) of the nonzero average spontaneous-emission rate mw_A(EF BN _ (1+5No)No (9)

Rsp, and hence to the strength of the quantum ndige Vn I A ’
Above threshold it is usually negligible, i.e., the loss rate of
the empty cavityl'; is nearly compensated for by the gain
term in Eqg.(1a). However, in our case the photonic damping
is nevertheless important, since it may dominate over th%l
(even smalleratomic damping. The strength ¢f, compared
to yn will turn out to be of key importance for the threshold A=T.ly (10)
behavior of the intensity fluctuations.
Fourier transforming Eqg3), and inverting the resulting here. A is a measure of the “slowness” of the inversion.
matrix (see also the Appendixleads to The first of the above two conditions f@, to drop below
the thermal levelw?> v, vy, leads ton,>B~ 2 [see Eq.
@ (8), we assumgg<1] and thus coincides with the threshold
defined via the steady-state photon number, simge
=B Y2 at M=1. This is the conventional intensity-noise

for the double-sided spectral dens{t§n?(w)) of the inten-  threshold derived in textbood —3], using a class-A treat-

sity fluctuations. Here, we have introduced the relaxatiorment. There, the inversion dynamics is adiabatically elimi-
oscillation frequency w,, and the relaxation-oscillation Nated, and thus it is assumed that the atomic damping is

damping ratey,,. The relaxation oscillation frequenay,,is ~ Much larger than the photonic damping>y, aroundM

where we have again neglected the difference betwgen
+1 andng. Because of the importance of the ratio of atomic
nd photonic dampingy /vy, we have introduced the short-
and notation

2(0?+ ¥R)Rsgo
(wfo"_ YnYNT w2)2+ 4w27r20

(on*(w))=

treatment is that the photonic damping=1"./(ng+1) is
wrzo: 527ﬁ|\|0(n0+ 1)=yI'¢Bno, (5) sufficiently suppressedvia the increased photon numb®y)

around threshold that it is negligible compared to the atomic
where Eq.(2a) has been used for the second equality. Thedampingyy~ . However, Eq(9) shows that this assump-
damping ratey,, of the relaxation oscillations is the average tion need not be valid. In fact, in our experiment~4
of the atomic dampingyy and the photonic damping Xx10° and 8~10"°, so thatyy<y, around threshold, and
Yo Vo= (¥n+ vn)/2. In this linearized model, in the regime the photonic dampinglominatesover the atomic damping
> v (as is typically the case for a class-B laser aboveeven considerably above threshold.
threshold the noise power spectrum of the photon number More generally, three different regimes for the threshold
fluctuations peaks ab,,, with a width (FWHM) of Aw,,  behavior of the intensity fluctuations can now be distin-
=27v,,. Integrating Eq(4) over frequencysee the formulas guished, using the ratios in Eg®) and (9). These regimes

in the Appendix of Ref[16]), leads to have also been identified by Hofmann and Hesg, and we
adopt their nomenclature here.
(8n?) ( i ) V3 ) (1) The macroscopic regime:
= — |, (6)
ng vt Wt YN B<A?, (12)
which may be rewritten as where the laser shows the conventional noise threshold.
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FIG. 3. Overview of the different regimes for the fluctuation

threshold, in terms o8 andA=T"./vy;. The solid lines correspond
to inequalities(11) and(13), respectively. 1 — ()] 6L LT ]
(2) The mesoscopic regime: S o5l | w."'c; 4r
! |
AT?<B<AY (12
0 1 1 1 0 1 1
where the noise threshold is significantly modified from the 0 05 1 15 2 1500'5 115 2 25
conventional case, but still remaining relatively sharp. =N " T (h)
(3) The microscopic regime: L 100 b i
d“ 05 . o?o
B>A"1, (13 T 50
where the intensity fluctuations effectively become thresh- 00 2 ,L é é 10 00 1'0 20
oldless. M M

The three regimes defined above are indicated in the
“phase diagram” of Fig. 3, and examples of the typical be- FIG. 4. Laser noise threshold behavior in different regimes. The
havior of bothQ, andF in these regimes are shown in Fig. graphs show typical curves for the reduced factorial mon@nt
4. We end this section by discussing these three regimes @nd the Fano factoF as a function of pump parametst, in the
some more detail. different regimes discussed in the text, see also Fig. 3. Note the
In the macroscopic regime, the atomic damping domi-changes in horizontal and vertical scales. In these graghs0™°,
nates over the photonic damping around the steady-statéile A=T'c/y is varied:(@), (b) A=1, (c), (d) A=100, (&), (F)

threshold. This can directly seen as follows: fdr=1 one i;:ll(f’ld(?); (hzj(/(;)_: 10 (a),h (tb):thth(i Convemio.nf“ Ia.ser n.Oise
hasny= "2 and in the macroscopic regime this implies reshold(c) and(d): approach to the “mesoscopic” regime Is

using Eq.(11), ng>A, leading toyy>vy,, using Eq.(9). hardly changed, while the Fano factor is already significantly modi-

. 7 fied. (e) and (f): the “mesoscopic” regime; the threshold @, is
Thus., as the photon nzumber S 'n(?re_ased thelcondﬁwn shifted somewhat, while the Fano factor exhibits a very broad peak.
> vy, is reached before;,> y,,yn . This is the basic assump-

~rn h (g) and(h): “microscopic” regime, where the intensity fluctuations
tion in the conventional, class-A treatment of laser thresholdpaye effectively become thresholdless: b@h andF have a very

and the results of this conventional treatment are recovere@yoad shape.
In fact, since for a class-A lasér, <y (A<1) and by defi-

nition =1, all c[afs-A lasers satisfy E(L1) and operate in - Typical shapes of bot®, andF in this regime are indicated
the “macroscopic” regime. In Eq(7) we may now use in Fig. 4a)—(d). These were calculated using E@).

N/ (ynt wn) =1, resulting in In the mesoscopic regime, there is a narrow region above
M=1 where the atomic damping is still smaller than the
YnYN photonic damping. The poingy= vy, is reached fong~A,
Q2~ m 149 e, forn, in the rangeB~?<n,< B! [as can be directly

verified using Eqs(9) and (12)]. According to Eq.(7), Q»

The noise behavior is completely determined by the ratio iﬁNilLonly quiatf] signﬂcimtsly frorth[hg thirmal>valyle/21 w(r;en
Eq. (8), and hence leaves as the only parameter. The noise YN~ Yn» 1.€., Wh€MNo=A. SINCE IS IMplies, B “an

- hence w2 > [see Egq.(8)], we may usew?/(w?
level drops from the thermal levelQ,=1) to Q,~0 in a o~ Yn¥N q. ()], w y o {@ro
narrow region of width~B~Y2 aroundM=1:Q,=1/2 at + yh¥n) =1 in the expression foR, in Eq. (7), resulting in
M~1. The Fano factoF =nyQ,+ 1 exhibits a narrow peak
at the same value wher®,=1/2, aroundM =1, with a Q,~ Tn ' (16)
width ~ 372 and a peak value 2 YNt

Frma=(48) Y2 at M~1. (150 Thus, in this regime the noise behavior is determined by the
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ratio in Eq.(9). As a consequencg is now no longer the No=S— yaNa— B¥a(Na— Ny)n (20b)
only parameter that describes the noise threshold; the second 2 ae mrae '
parameter is\. ,

Simple expressions for bot®, and F in terms of the Np=—¥poNp+ vaNat Bva(Na—Np)n, (200
pump parametel, are now obtained by using the approxi-
mation no~(M —1)/B. This is justified since the relevant whereRg,=N,87, andN, andN, are the number of upper-
structure in bothQ, and F occurs forny>p~"2 i.e, for  and lower-level atoms, respectively, with decay rates
M>1. With this approximation we find th@,=1/2 atM (=) and y,. The quantitiesg,n, andT'; have been de-
=1+ A, andQ; drops from the thermal level to zero in a fined above. The Langevin noise sourfg satisfies once
narrow rangeAM=Ap centered around this value. The again(f,(t)f,(t"))=2Rndo(t—t").
threshold behavior o, is thus changed as compared to the  We will not attempt a full solution to Eq$20) here, but
“macroscopic” case, it has broadened and shifted. In comwill limit ourselves to the regime %,>v,) in which the
parison, the Fano factdét changes much more drastically. It experiments were performed. Equatit®0¢) yields for the

becomes highly asymmetric, rising steeply for pump paramsteady-state lower-level populatioi, o
etersM=1, reaching a peak value

FrasA at M~1+(AB)Y2 17) Np o= N, o L2 Ao (21)
’ " Yot ¥aBNo

and dropping slowly a&~A/M for larger M values. Note
that F,a N0 longer coincides witlQ,=1/2 in this regime. Because of the rapid decay rate of the lower levg],
Typical shapes of botkQ, andF in this regime, calculated = _| Npo is quite small compared tdl, . Its effect is
using the full expressioli7), are shown in Figs. @), 4(f). sufficiently small that the steady-state photon nuntieand

In the microscopic regime the atomic damping remainghe relaxation oscillation frequenay,, are basically unaf-
smaller than the photonic damping up & values much fected. However, the dependenceNyf, on n, leads, via the
larger than 1. Thus, the laser light fluctuates at the thermaéain termBy,(N,— Ny)n in Eq. (20a to a small “nonlinear
level Q;~1 even forM considerably larger than 1. The gain” for the photon number, that will be important for the
equality yy= vy is reached only fony>1/3 [see Eqs(9)  fluctuations. From semiconductor laser studies it is in fact
and(13)]. As in the mesoscopic regime, since we hag  well-known that such nonlinear gain can be important for the
>1y,yn in the range of interest, Eq16) is an excellent laser dynamic$17,18.

approximation to Eq(7), and the ratio in Eq(9) determines To calculate the intensity fluctuations, we first adiabati-
the threshold behavior. Sincgy=1, is reached only for ¢y eliminate the dynamics of the lower level, settiNg
Bno>1, Eq.(9) may be approximated as =0. This is allowed as long ag,> v, ,,,, a condition that
[~ BR2IA 18 is readily satisfied in our experiments. As an aside we note
YN/ vn™~BNg (18 here that since we deal now once again with only two dy-

namical variables, the instabilities associated with higher-
dimensional laser dynamics are still absptit
Linearizing the remaining Eq$20g and(20b) around the

in the range of interest. With this approximation one finds
that Q,=1/2 is reached ang~(A/B)Y? ie., atM~1

1/2 ; :
+'(/'\I'B)t ?{r]z In_ contragt to t.he rr:re]:sosc_opli lrfzzglme, bUtsteady—state solution yields coupled linear equations for the
s!gn ar '?h the microscopic re%me,th e poiy= F cow;- ¢ fluctuationsén and SN, nearly identical to Eqs(3), except
ic' res V}’}' d € pump power where the maximum Fano factog, . e significant modification: the photon damping teym
S reached, in Eq. (39 is replaced byy,+ yn., Whereyy, is an addi-
E  ~(A/AB)Y2 at M~1+(AB)Y2 1 t|onql “atomic” damping term causec_i by IOV\_/er-IeveI dy-
ma= (A/44)75 at (AR) (19 namics, via the abovementioned nonlinear gain term

In the microscopic regime bot@Q, andF have a very broad
shape, and there is no longer a well-defined threshold in the val cBNg wfo
intensity fluctuations, see Figs(g} and 4h). YNLT by =,
. . . b Vb
As a final remark we emphasize that the transitions be-

tween these regimes are not abrupt but smooth. For instanc?he rapid decay ratey, of the lower level(compared toy
Fig. 4d) shows that the Fano factor already deviates from b a

the conventional, “macroscopic” laser theory before the me_of the upper level causes the lower-level population to be

. R small, but at the same time allows for very rapid dynamics of
soscopic regime is reached. L . X .

part of the atomic inversion. The net result is that in the

atomic damping rate the lower-level dynamics may dominate

over the upper-level dynamicg;y, > yy even though the

(22)

B. Including the lower level

To properly describe our experiments on Nd:YV@i- lower-level population is negligible for the steady-state be-
crochip lasers, we need to extend the laser rate equationgavior.
with a dynamic equation for the lower-level population: The inclusion ofyy, in Egs.(3) leads to Eq(4) with vy,
_ replaced byy,+ yn. and with y,o=(y,+ yno+ ¥n)/2. Thus
n=—Tcn+ Bya(Na—Np)n+Rg+ (208  we arrive at a result analogous to Ef) namely,
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n3 Ynt YNT YNL o2+ [ yat vl n) 10 | ’ 15
which is the central result of this section. The noise threshold 5t ] 0.5
behavior will now generally depend on botly and yy, , SO L
that the description is somewhat more complicated than that 0 012 3 4 5
of Sec. lll A, and the ratio .
, 6} (e g"‘
YNL _ YaBNo(No+1) %ﬁnoﬁ’a (24 E 4 YE
Yn Yb Yb 5 =
n® 2 =
is now a third key quantity, in addition to Eq&) and (9). o
As parameters, we deal now witB,A, and A'=vy,/v,. 00 5 10
Several simplifications are possible, however. 0.3
Firstly, it should be noted that around the steady-state (e)
threshold M ~1,n,~B~?), Eq.(24) yields yn, <7, , since 0.2
va<7,. Thus, around the steady-state threshold(Bpjis an
excellent approximation to Eq23). This leads to the con- 0.1
clusion that the “macroscopic” and “mesoscopic” regimes
are hardly affected by the damping tetyy, associated with 0
T 0 10 20 0 5 10
the lower-level dynamics; two parameters are adequate. Time (us) Frequency (MHz)

Secondly, for the “microscopic regime” the situation

simplifies whenyy is negligible compared tg,+ yy. for all FIG. 5. Typical experimental time tracéleft) and RF spectra
relevant pump powers, as is the case in our experiments. Ifight, solid curvesof the output of the microchip laser, for differ-
that caseyy_ replacesyy, and we haveQ,~vy,/(yn  ent pump parameters! =P /Py (@), (b): M=6.6; (c), (d):
+ ynL)- Since the ratio of Eq(24) is directly analogous to M=1.9; (e), (f) M=1.03. The RF spectra are normalized to the
the approximate expression far /7y, in the microscopic average output power, to yield the relative intensity ndiReN).
regime, Eq(18), the behavior 0f), andF is directly analo-  The dashed curves in the spectra are the result of numerical inte-
gous to the microscopic regime described in Sec. I[e4y.,  gration of Eqs(20).
Edq.(19] onceA=T';/y is replaced by\’ = yy,/y,. Again, o
two parameters are adequate. have become thresholdless, as in Figg)4nd 4h). The
intensity fluctuations are highly super-Poissonian above
threshold, the Fano factor reaching a value of almostat0
M =2, much larger than the peak valge ¥? (=400 in our

In this section, we compare the experimental results, obeas¢ at M =1, expected for a class-A laser.
tained with the setup of Sec. Il, to the theory of Sec. Ill. We The fluctuations are centered around the relaxation-
start by describing the experimental data. Typical experi-oscillation frequencyw,,, as is characteristic for class-B la-
mental time traces of the output powey,,; and RF spectra sers. This frequency was extracted as the principal harmonic
of the intensity noise are shown in Fig. 5. Note how a reduccomponent of the RF spectra, and is plotted in Fig).6
tion of the pump poweP,,, changes the laser output from Another important parameter is the wid(RWHM) of the
reasonably stable with well-behaved relaxation oscillationsprincipal relaxation-oscillation peak in the RF spedira,,.
Figs. Ha), 5(b), via strongly anharmonic relaxation oscilla- It is usually a good measure for the damping rate of the
tions, Figs. %), 5(d), to highly irregular, Figs. &), 5(f). relaxation oscillations, and is plotted in Figieh

The output characteristics of the laser are extracted from To quantitatively compare our experimental data to the
these data, and are summarized in Fig. 6, as a function dinearized model we have used the following procedure: the
normalized pump parametevl =Pp,.,/Py,. Figure &a)  value of 8 was determined by fittingo~(M —1)/3 to the
shows the average output power, converted into units of indata of Fig. 6a) in the regionM <3, and the value of . was
tracavity photon number in the lasing modeThe data ex- determined by fittingw,~[ yI'¢(M — 1)]1*2 to the data of
hibit a sharp thresholéas the inset shows in more dejait  Fig. 6(d), using the separately measured valueypf The
M=1(P4=17.3 mW). This sharpness is as expected, sinceesulting fits are shown as solid curves in Fig&)66(d),
B is relatively small. and yield the valueg=7x10"° andI';=7x10 s! re-

Figures @b) and Gc) show the photon number fluctua- spectively, in satisfactory agreement with the estimated val-
tions, represented both as the Fano faé&@nd the reduced ues of Sec. Il. Combining these values with the value for
factorial momentQ,. Clearly, the observed behavior of our y,=1.6x10° s ! from Ref.[9], we obtain the solid curves
laser deviates significantly from that expected on the basis dbr the Fano factof, for the reduced factorial momef},
conventional laser theofsee Figs. &) and 4b)]. The fluc-  and for the relaxation-oscillation damping, shown in Figs.
tuations are much stronger, and decrease only very slowly &b), 6(c), and &e). For our laser, the atomic damping is
the pump power is increased, i.e., the intensity fluctuationslominated by the lower-level dynami¢sincel’.> vy;,), and

IV. COMPARISON WITH EXPERIMENTAL RESULTS
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100 F@ ¥ . : " " " e The resulting time traces were transformed into RF spectra
E E : by applying a fast Fourier-transforiti=FT) algorithm, and
] averaging the result for several time traces. Examples of the
numerically obtained RF spectra are shown in Fig. 5, and the
extracted threshold behavior is summarized in Figddshed
curves. These numerical data reproduce the experimental
data to within the experimental error bars. In particular, we
find agreement in the strength and shape of the harmonics of
the relaxation oscillations, and in the behavior &y,

aroundM =2.
The failure of the linearized theory in describing the
wFe width of the relaxation-oscillation peakw,, is due to the
: fact that it does not take into account anharmonicity: the
o relaxation oscillation period increases for large amplitudes
e S0r [19]. Because of this, the fluctuating amplitude of the relax-
ation oscillations (see Fig. % results in a fluctuating
0 relaxation-oscillation frequendylecreasing for larger ampli-
< 15 | (d) tudes, leading to an increased widtfbeyond that due to
z damping of the principal relaxation-oscillation peak in the
S or RF spectra. This explains the behavior of the experimental
S 5l and numericall w,, aroundM =2 in Fig. 6e). It also leads
s to the slight downward shift in the principal relaxation-
0 © oscillation frequency that is visible in the numerical data of
o) 08 Fig. 6(d), when compared to the curve of the linearized
€ 06 theory.
& oaf
»
g 0'(2) P V. DISCUSSION AND CONCLUSION
o 1+ 2 3 4 5 & 7 Figure 3 illustrates the key point of the results presented
M here: there is a large, and experimentally accessible range of

FIG. 6. Threshold characteristics of the slow-inversion laser, ad3S€r parameters where the conventional, “macroscopic”
a function of pump parameteévl = Py, ./Py, . The experimental NOIS€ thre;hold no Ion_ger applies. In the_ microscopic” re-
data are given by the solid circle®], the solid curves are based 9ime, the intensity noise becomes effectively thresholdless.

on the linearized rate equations; the dashed curves result from ni/e emphasize that the distinction between these regimes is
merical integration of Eqs(20). (a) Average intracavity photon Not identical to the distinction between class-A and class-B

number in the lasing mode, the inset shows the threshold region ilasers. The latter distinction is purely based on
more detail; note that the numerical data are not visible because=1I";/y|);A<1 for class-A lasers andh>1 for class-B
they overlap with the linearized theorgh) Photon-number fluctua- lasers. Whereas class A lasers always operate in the conven-
tions, as parameterized by the reduced factorial mo@grand(c)  tional, “macroscopic” regime, class-B lasers may operate in
by the Fano factoF. (d) Principal relaxation-oscillation frequency any of the three regimes, depending on the valug.oThe
and(e) width (FWHM) of the principal relaxation-oscillation peak. current trend towards smaller laser devices leads to lasers
with increaseq3 andA (A increases because typicaljy is
the point y,~yy_ is reached aroundi~1+(By,/y a material property of the gain medium whilg. increases
~2. Clearly, our linearized model describes quantitativelywith decreasing cavity lengthThus, this trend will naturally
most features of the experimental data. In Fig. 6, the onljjlead to lasers that have “mesoscopic” or even “micro-
significant discrepancy is in the regidi=2 in Fig. 6e), scopic” intensity fluctuations.

)1/2

where the experimentally observed widthw,, of the Our results seem particularly relevant for the ongoing ef-
relaxation-oscillation peak deviates from the value of2 forts towardsB=1, where theaverageintensity becomes
for the linearized theory. thresholdless. Most of these attempts employ semiconductor

In fact, the agreement between linearized model and exclass-B laser§g], thus we expect the intensity fluctuations of
periment is surprising, since the linearization must breaksuch lasers to first become thresholdless in the manner de-
down in the regime of interest, where the fluctuations in thescribed here, at values @ considerably below 1. Indeed,
photon number are comparable to its mean value. The agdofmann and Hesl3,14] argue that conventional semicon-
pearance in the RF spectra of harmonics of the relaxatioductor lasers already operate in the “mesoscopic,” or even
oscillation frequency, for instance, can not be described byhe “microscopic” regime.
the linearized equations. Analytical attempts to solve the The analysis here has concentrated on the regirsd,
nonlinearized Eqq1) [or Eqg.(20)] have met with only mod- where a semiclassical treatment suffices. Therefore, strictly
est succesl9-21]. We have therefore resorted to numerical speaking the extension towargs=1 of the different re-
integration of Eqs(20), after adiabatic elimination o, . gimes in Fig. 3 is an extrapolation. The validity of this ex-
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trapolation will have to be verified by a more rigordagian- APPENDIX: INFLUENCE OF INVERSION NOISE
tum) theory. In this regard it is interesting that from a
numerical treatment of a quantum birth-death model for

B=1 laser withA>1, Rice and Carmichagb] find scaling leads to the appearance fgf in Eq. (3b). Fourier transform-

laws that closely resemble our anglytical results. This1ng and inverting the resulting matrix equation yields
strongly suggests that the extrapolation of our results to-

wards 8=1 is meaningful. For instance, they firel,. on(w)= (yn—io)fa(@) = yB(No+ 1)f(w) (A1)
~0.6A Y2 at (n)~1.6A Y2 [see the discussion of Fig(l§ in W02+ Yayn— 02— 2i 0 Yy '
Ref. [5], wherex=A], directly analogous to our results in The key point is now that the denominator in E@1)
the microscopic regimsee Sec. Il A, insertingg=1in Eq.  causessn to be resonantly enhanced around the relaxation
(19) yields Fna~0.50"% at ng~M~A '], oscillation frequencyw~w,>1v|. At that frequency the
Another demonstration of the surprising robustness of th@hoton noise sourcé, shows up indn with a much larger
linearized semiclassical treatment has already been pointgstefactor  w,,) than the inversion noisgy (note thatgn,
out in Sec. IV: the linearized approach should break down a® of order unity or smallér For instance, for a Poissonian
soon as the fluctuations in intensity become comparable tpump source, one had \(t)fy(t"))=2yNs(t—t") [15],
the average. This is by definition the case wig@r=1, i.e.,  and it can be readily shown that the contributionfgfo the
precisely in the regime of interest. Our experimental andspectral density dn“(w)), is A(>1) times larger than the
numerical results show that the predictions of the linearizedontribution offy.
treatment can nevertheless be accurate, and certainly serve asEquation (A1) also shows that for frequency-resolved
a convenient guideline and a powerful analytical tool. measurements at low frequencies~y; the pump noise
According to Eq.(13), the “microscopic” regime where could be important. In fact, Hofmann and Hedsl] argue
the intensity fluctuations become effectively thresholdless ighat at these frequencies a slow-inversion laser will display
reached foBA = 1. Interestingly, there is a direct connection @mplitude squeezing below the shot-noise limit for a suffi-
with the common classification scheme in cavity QED,Ciently regular pump source. _ o
where one compareg the atom-field coupling strength ¢2 We now address thiechnicalpump noise. Fluctuations in
is the vacuum Rabi frequengyto the intrinsic decay rates of the p%mp-bearﬂ intensity enter via the Eump 'ﬁtef‘d thgs
the systen{22]. The above condition implies thaig2 contribute to the inversion noise sourég. Denoting the

" o . 2 / bandwidth of the pump-intensity noise by,,m, and its
as can be easny V.e”f'ed usirty=29% v, [15], anq notmg relative root-mean-square value By=1, the contribution to
that we have limited ourselves to the good-cavity regime

. ; ) the spectral density ofy is R*S?/ ypm, (for frequenciesw
y.>Tc. Indeed, from this equation fo8 we find for our <Ypump- The impact of the pump noise at the relaxation

laserg~10° s >y _ _ oscillation frequency can now easily be estimated by assum-
~ In conclusion, we have shown that the intensity quctua-ing (as a worst-case scenaribat the pump noise bandwidth
tions (second-order coherencef a sufficiently small slow-  extends up to or beyond the relaxation oscillation frequency
inversion laser become thresholdless in the “m|croscop|c”wm_ In this case, the technical pump noise contribution to
regime defined by E¢(13), where the average intensity can ( 5n?(w,;)) compared to the contribution of thef , term is

still show a sharp threshold. It would be highly interesting tOR?M /28 Ypump- This ratio is much smaller than 1 for our
study also the first-order coherence, and we are currentlgxperimentas mentioned in Sec. Il we ha®e~10"3), jus-

Here, we discuss in some more detail the influence of
4nversion noise. Including a noise sourtg(t) in Eq. (1b)

working along that line. tifying our assumption that the technical pump noise may be
neglected. For completeness we note that the technical pump
ACKNOWLEDGMENTS noise mainly occurs at low frequencie {,,), so that the
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