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Experimental Observation of a Large Excess Quantum Noise Factor in the Linewidth
of a Laser Oscillator Having Nonorthogonal Modes

Yuh-Jen Cheng, C. G. Fanning, and A. E. Siegman
Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305

(Received 15 January 1996)

Several authors have predicted a substantial excess noise factorKp multiplying the quantum-limited
Schawlow-Townes linewidth for laser oscillators having nonorthogonal spatial modes, such as unstable
resonator lasers. Experimental observations of this factor have to date, however, been limited in bot
number and detail. We report here a detailed experimental measurement of this factor in a diode
pumped hard-edged unstable-resonator Nd:YVO4 laser. The measured excess noise factorKp . 330 is
in reasonable agreement with the theoretically predicted value. [S0031-9007(96)00714-4]

PACS numbers: 42.50.Ar, 42.50.Lc, 42.60.Da
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Since the earliest theoretical analyses of laser o
lators [1,2], it has been widely accepted that the
of spontaneous emission from an atom into any
cavity mode is on average equal to the rate of sti
lated emission that would be caused by one noise
ton in the same mode. This result can be deri
either from an analysis of the interaction between an a
and the quantized electromagnetic field or from con
erations of the thermal equilibrium between a collect
of atoms and the blackbody radiative environment. F
this fundamental result one can derive the well kno
Schawlow-Townes laser linewidth expression [1].
1979, however, Petermann first proposed the exist
of an excess spontaneous emission or a so called
cess noise factorKp with a value greater than one whi
should multiply the Schawlow-Townes expression
the fundamental linewidth in gain-guided semiconduc
lasers [3]. This prediction was initially controversial b
cause it seemed to imply the existence ofKp noise pho-
tons per mode in contrast to the widely accepted one n
photon per mode. This seeming paradox was later
solved by Haus and Kawakami [4] who pointed out t
the noise terms for different propagating modes in a l
guided or gain-guided system are correlated, as contr
to the familiar situation with power-orthogonal mod
where the noise terms driving each eigenmode are
correlated. They showed that for a loss-guided sys
at thermal equilibrium the correlations between noise
nals in different modes act to cancel any excess in
total spontaneous emission, so that thermal equilibr
with blackbody radiation is not violated. Each indiv
ual mode nonetheless experiences an excess sponta
emission such that the Schawlow-Townes linewidth o
single-mode oscillator is multiplied by the Petermann
cess noise factorKp.

One of the present authors later noted that this ex
noise factor, and the associated correlations between
signals for different eigenmodes, should be general p
erties of all open-sided laser resonators or lens-guide
tems with significantly nonorthogonal eigenmodes [5
0031-9007y96y77(4)y627(4)$10.00
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rather than being limited to the gain-guided cases c
sidered by Petermann and by Haus and Kawakami.
excess noise factor for annth order eigenmode, as give
in Eq. (21) of Ref. [6], then becomes

Kpn 

"
1

jgnj2

√
1 2 jgnj2

2 lnsjgnjd

!2# ZZ
fp

nssdfnssd ds , (1)

wheregn is the mode eigenvalue andfnssd is the adjoint
transverse eigenmode withds  dx dy representing the
transverse coordinates across the resonator or waveg
The expression within the square brackets results fr
longitudinal mode nonorthogonality, as restated by Ham
and Woerdman [7,8]. Even with large output coupli
this longitudinal value is usually only slightly large
than unity. The overlap integral, which accounts f
transverse mode nonorthogonality, has a value of
for stable resonator lasers or index guided systems,
a value of

p
2 for purely gain-guided systems. Th

nonorthogonality factor can, however, become as larg
hundreds or even thousands for unstable-resonator la
or unstable lens-guide systems [5,6].

Even though these excess noise effects have been
topic of many theoretical papers [3–7], experimen
observations of this excess noise factor, particularly
transverse mode factor, have to date been limited
both number and detail [8–11]. Previous measureme
on gain-guided or partially gain-guided unstab
resonator semiconductor diode lasers [9,10] were limi
by large uncertainties concerning other parameters
the lasers in question. Earlier measurements from
group [11] made use of an unusual type of primar
gain-guided unstable resonator laser together with a se
tive but not truly self-calibrating measurement proced
for the quantum linewidth. In this Letter, therefore, w
report a detailed experimental confirmation of a lar
Petermann excess noise factor as seen in the fundam
laser linewidth of an axially diode-pumped hard-edg
unstable-resonator Nd:YVO4 laser with no signifi-
cant gain-guiding effects present. The hard-edged
stable resonator was chosen because its transverse-
© 1996 The American Physical Society 627
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nonorthogonality gives it a large excess noise fac
which provides a good signal to noise ratio and can a
be calculated with reasonable accuracy. We are also
using a substantially more direct measurement metho
observe the quantum limited linewidth.

A diode-pumped solid state laser scheme was cho
because lasers of this type are well understood and
properties are by now well characterized. In particu
solid state lasers have much less nonlinearity than s
conductor lasers for which Henry’sa factor [12] and
possible filamentation can increase measurement un
tainties. Diode pumping of such lasers can also be
eter and more stable than lamp pumping of similar las
Neodymium vanadate was chosen as the laser crysta
cause, compared with Nd:YAG, it has a much larger pu
absorption coefficient and a higher gain cross sect
which together allow the cavity to be short enough to
sure single longitudinal mode oscillation. Its anisotro
gain further ensures oscillation in a single polarizat
without need of extra optical components.

Our axially diode-pumped unstable cavity design
shown in Fig. 1. It consists of a 1 mm thick slab of 1
Nd-doped vanadate and a 10.2 mm divergent radiu
curvature AR-coated mirror blank with a450 mm diam-
eter circular gold mirror spaced 0.8 mm away from t
vanadate slab. The pump face of the vanadate slab is
coated at the operating wavelength and AR coated a
pump wavelength, while the front facet is AR coated
1.06 mm. The Nd:YVO4 crystal is held by a heat sin
with active temperature stabilization. The round-trip
sertion loss of the Nd:YVO4 slab due to imperfect HR
coating and any possible scattering loss was found to
ø1.5% by measuring the reflective to incident power
tio of a beam from a Nd:YAG laser incident on the A
1.06 mm coating side of the vanadate slab. The gold m
ror was produced photolithographically and consists
150 Å of Cr and 4000 Å of Au evaporated onto an A
coated lens blank. Profilometer traces show the eva
rated gold surface reproduces with excellent fidelity
curvature of the underlying mirror surface. This go
coating was measured to have a reflectivity of 97%
1.06 mm. The laser diode pump light comes directly fro

FIG. 1. Design of the unstable-resonator Nd:YVO4 laser.
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the end of a400 mm diameter fiber with a numerical ape
ture of 0.37 brought to within a fraction of a millimeter o
the vanadate slab. The effective pump spot is therefor
least as large as the oscillating mode so that the osci
ing mode profile is predominantly determined by the co
cavity parameters. This laser oscillates in a single
larization, longitudinal, and transverse mode, as chec
by both a monochrometer and a scanning confocal Fab
Pérot spectrum analyzer, up to a maximum power out
of 240 mW as limited by the available pump power
4.5 W.

To calculate the theoretical excess noise factor
this unstable resonator, we consider the following deta
First, at around 3.5 W pump power level, where w
performed our laser linewidth measurement, the pu
light induces a thermal lens in the vanadate slab w
a focal length ofø150 mm, as estimated theoreticall
and confirmed interferometrically. This thermal focusin
slightly modifies the cold cavity parameters of the las
In addition, the uniaxial character of the vanadate crys
breaks the cavity azimuthal symmetry, introducing a sm
amount of astigmatism in exact eigenmodes of the cav
In practice, the equivalent cavity lengths for wav
propagating in thex-z andy-z planes (where the crystalc
axis is set along thex axis, and waves propagate along t
z axis) are 1.26 and 1.36 mm, differing byø8%, and so
the corresponding magnifications and equivalent Fres
numbers [13] are 2.02 and 1.97, and 13.4 and 13
respectively. The excess noise factorKp for our slightly
astigmatic unstable cavity laser was then obtained from
2D paraxial eigenmode calculation with both astigmatis
and thermal lensing taken into account. Given about 1
uncertainty in our measured cavity parameters, includ
cavity length and thermal lensing in particular, and a
including the longitudinal excess noise factor which
only 1.1 for calculated eigenvalueg0  0.57, the total
excess noise factor for our unstable cavity Nd:YVO4 laser
is calculated to lie between 350 and 500.

With the excess noise factor included, the fundamen
laser linewidthDfl in Hz is given by

Dfl  Kp
p h̄vlDf2

c

Pl

de

de 1 d0
, (2)

where vl is the laser frequency in the unit of radian
per second,Pl is the laser output power, andDfc is the
cold cavity linewidth in Hz. The factordeysde 1 d0d
accounts for the reduction in laser output power due
the existence of internal lossd0 in addition to the use-
ful external lossde for output coupling, wherede . 63%
and d0 . 4.5% from calculation and measurement. Th
value of Dfc was estimated to be 9.2 GHz from the n
merical eigenvalue calculations. To verify this value, w
measured the relaxation oscillation frequencyvr versus
normalized pump rater, where v2

r  sr 2 1dgagc 2

r2g2
ay4 [13] with gc and ga the cavity decay rate and
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FIG. 2. Schematic of the self-heterodyne measurement

laser upper level decay rate, respectively. From this
laxation oscillation frequency measurement together w
a measured laser upper level lifetime of95 ms, we ob-
tained a cavity lifetime of 17 ps, which corresponds to
cold cavity linewidth of 9.6 GHz, in good agreement wi
the estimated value. Since this unstable-resonator l
has negligible gain-guiding effect, the relaxation oscil
tion complication observed in our previous experime
does not apply here [11,14]. We also note that this c
cavity linewidth is an order of magnitude smaller than t
240 GHz gain bandwidth of the neodimium doped van
date crystal and that we are therefore justified in using
quantum limited linewidth expression Eq. (2) derived u
ing the good-cavity approximation.

The fundamental laser linewidth was measured usin
self-heterodyne technique [15,16] as illustrated in Fig.
The zero- and first-order diffractive laser beams genera
by an acousto-optic modulator were coupled into the
put ports of a single-mode-fiber Mach-Zehnder interfe
meter, with the zero order signal having an extra 155
length of fiber inserted as a time delay. The two outp
signals of the fiber coupler were then detected by a b
anced receiver. When the delay time between the two
tical paths is significantly larger than the coherence ti
of the measured signal and smaller than the character
time scale of technical noise fluctuations, as is the c
in our measurement, the self-heterodyne spectrum fo
quantum-noise-limited laser should be Lorentzian with
FWHM equal to twice the laser linewidth. Several se
heterodyne spectra were recorded at different laser po
levels, with two typical examples shown in Fig. 3. Th
instrument noise was dominated by intensity shot no
and was 20 dB below the signal level in the worst ca
We then performed least square log Lorentzian fits to
recorded spectra to obtain laser linewidths. The curve
as indicated by the solid lines, show good agreement w
the experimental data. The measured laser linewidths
termined in this fashion are plotted versus laser powe
Fig. 4. As predicted, the linewidth is inversely propo
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FIG. 3. Typical measured self-heterodyne spectra and su
imposed Lorentzian fits.

tional to laser power. Finally, a least square fit to th
data points by Eq. (2) was done. This curve fit, combin
with our knowledge of the cold cavity linewidth from th
relaxation oscillation frequency measurement mentio
above, allows us to calculate the excess noise fac
Three sets of laser linewidth versus laser power meas
ments were performed, with the unstable cavity sligh
realigned between each experiment to obtain maxim
power. The resulting excess noise factor in each case
Kp . 330 with a variation of less than 10% from me
surement to measurement.

In conclusion, detailed measurements of the fun
mental laser linewidth for a diode-pumped hard-edg
unstable-cavity Nd:YVO4 laser using a self-heterodyn
technique confirm that this laser has a substantial
cess quantum linewidth with a value of approximat
330 times the usual Schawlow-Townes value, in r
sonable agreement with the theoretically predicted va
We believe this measurement experimentally confir

FIG. 4. Laser linewidth versus laser power.
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the predicted excess noise factor due to transverse m
nonorthogonality in laser oscillators, and puts this int
esting and somewhat unusual quantum noise effect o
solid experimental footing.
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