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Macroscopic quantum fluctuations of pulsed nanosecond optical parametric generation
in periodically-poled LiNbO 3
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We present simulations and experimental results for quantum-noise-initiated emission from an optical para-
metric generatofOPQ fabricated from periodically poled lithium niobate. The model we employ, which
includes transverse coupling effects to enable off-axis phase matching, has been successfully used for describ-
ing broadband emission spectra in OPG’s and optical parametric amplifiers. The emission spectra and the
guantum statistics deduced from macroscopic fluctuations are compared between simulations and experiment.
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I. INTRODUCTION pulse energy, both experimentalli5] and theoretically16].
Experiments confirmed that the shape of the probability dis-

) : ) ) L tribution of the Stokes pulse energy is determined by the
and optical parametric oscillato(®PO'9 are initiated from 550t of hoth temporal incoherence and spatial incoher-

spontaneous parametric emission. Louise#l.[1] explored  once When a single mode is excited, the intensity distribu-
the properties of quantum fluctuations in the output signaljon function will be approximately an exponential function;
and idler fields of the parametric amplifier using a single-35 more independent modes are excited, the distribution
mode model. The quantum fluctuations in the initial field ,nction will tend toward a Gaussian, as expected from the
lead to macroscopic quantum fluctuations in the OPG outpWeniral-limit theorem. The transient SR®ith a single tem-
and during the initial start-up of the OPO. Many researchers), 4 modg with large Fresnel number and interaction vol-
have studied the quantum optical properties of OPO's, SUC{jme is a gain-guided amplifier, which is classified as a non-
as statistical properties of the OPO emisdi@h fluctuations  Hermitian optical system[17,1§. For instance, the

of the difference between the signal and idler intensity in th,znsverse eigenmodéspatial modesof a gain-guided Ra-
nondegenerate OP(3], or fluctuations in the OPO energy man amplifier are biorthogonal and correlated, which causes
and spectrg4,5]. The above quantum optical studies werepeam-pointing fluctuationgl9]. The statistics of the beams,

based on plane-wave models, and the pump wave is alS@erefore, provides important observations of the quantum
single mode. Arisholm introduced a simulation model for theature of the emission process: other observations, such as

OPO that includes multiple longitudinal modes and multiplei,q macroscopic fluctuations of the output Stokes pulse en-
transverse modg$]. In his model, the OPO modes are de- grqy also reflect the quantum nature of their origin.

termined by the parametric gain bandwidth, the spectral and "The gpatial statistics due to the quantum optical properties
spatial properties of the pump beam, and the OPO cavitysf OpG’s has not been reported in the literature so far. To
Multimode descriptions of OPO’s can be found in the litera-peter understand this process we use quasi-phase-matching
ture [7],. and recent papers_have dls_cussed temporal modg@pM) crystal pumped by a nanosecond-pulsed Nd:Y,VO
and their coherence propertiesee, for instance, Refi8] and  |3ser to generate efficient infrared light by optical parametric

references therejn _ _ . generatior{20-25. In this paper, we examine both theoreti-
An OPG has the same optical parametric amplification;ay and experimentally the quantum noise initiation in

process as an OPO except it does not have a cavity. So theypis, the power probability distribution function of indi-
share some common characteristics—for instance, the samgj,al modes, and the total energy probability distribution
quantum noise initiation and phase matching conditionsg,nction of OPG pulses. Both undepleted and depleted pump
However, the OPG is a single-pass parametric process; thergases will be quantified through our simulations. For the un-
fore, it is expected to have features that are similar to Otheﬂepleted pump case with constant transverse pump profile,

single-pass stimulated optical amplification processes, Sucly, analytical solution of coupled-mode wave equations is
as superfluorescen¢e,10], amplified spontaneous emission 4y ailable [26]; for the depleted pump case, a numerical

[11], and stimulated Raman scatterit§RS [12-14. In  1ode| is used to simulate the dynamical evolution of the
these processes, the initial spontaneous noise is amplified {gs. |n Sec. II, the quantum noise initiation is discussed

a macroscopic level in a gain medium without a cavity.  and our numerical model is introduced. Both experimental
For instance, the quantum fluctuations for Raman ampliyng numerical results are displayed in Sec. Ill. Comparison

fiers have been extensively studied. Walmsley and Raymg{etyveen experiment and calculations is discussed in Sec. IV,
elucidated the spatial and temporal coherent properties of

SRS and the macroscopic quantum fluctuations of Stokes Il. QUANTUM NOISE INITIATION
AND NUMERICAL MODEL

The signals from optical parametric generat@@PG’s

The OPG is a high-gain amplification process that is ini-
*Electronic mail: guanyiyiz@notes.udayton.edu tiated by spontaneous parametric emission of signal and idler

1050-2947/2005/72)/02380%9)/$23.00 023809-1 ©2005 The American Physical Society



GUAN, HAUS, AND POWERS PHYSICAL REVIEW A71, 023809(2005

photons. Since the emission is a quantum noise process, it There are two stages in the signal amplification process:
endows the output fields with fluctuations that are characterthe quantum stage and the classical stage. In the quantum
istic of the underlying vacuum fields. As mentioned above stage, no external signal and idler field seeds the process, the
the quantum noise initiation of the OPG is the same as fopump is treated as undepleted, and the quantum noise domi-
OPOQO'’s, which has been discussed in several publicationsates the initiation process. The conversion to classical equa-
[5,6]. In the vacuum state, the amplitude and phase of initiations (here we implicitly treat antinormal operator ordenng
electromagnetic fields have a Gaussian random distributions exact in the linear regime, because linear equations are the
The electrical field operator is decomposed into positive andame whether quantum mechanical or classical and thus they
negative frequency contributions as have identical solutions. As a simple example consider the
. . P harmonic oscillator model. The classical and quantum me-
B0 =EV(F0 + BT, @) chanical solutions of the equations of motidﬁgisenberg
where the positive frequency component of the electric fiel®equations of motion or Newton equations of mojicare

IS

EV(FD =3 s 2
|

and the negative frequency component is

ET(F) = efald o, 3
|

The equal-time creation and annihilation operat{aﬁ,a,}
satisfy the commutation relations

[a,a)]=d. @)
The coefficient under the summation has the value
h
g = e (5
260V

Here,V is a quantization volume.

identical. However, in the nonlinear regime the field ampli-
tudes are large enough that the fields can be described clas-
sically. This is the same theoretical approach that is used for
superfluorescence or for stimulated Raman scattering. In the
OPG when the signal grows to a high level, the process
crosses over to the classical stage and the subsequent dynam-
ics can be treated classically, then the background quantum
noise is negligible. For both stages, the propagation equa-
tions of the fields are the same, except that the operators are
used in quantum stage. In fact, we can treat the whole pro-
cess classically by taking the quantum noise as our initial
signal field, which is a similar approach used for OP[B%

As we mentioned above, OPG amplification is similar to
Raman-Stokes amplification; however, the phase-matching
condition is automatically satisfied in Raman-Stokes ampli-
fication[26]. Unlike SRS, OPG amplification requires phase-
matching conditions. In the OPG process, a pump wave of
frequencyw, propagates through a nonlinear medium and

The field quantization leads to average of the anti-normalgenerates two waveshe signal and idlgrat frequenciesog

ordered, equal-time operators expressed as

(E"(FOE (1) = Z—:;&(F— ). (6)

The average initial electric field is zero. When the volume

and w;. According to the energy conservation relation, they
satisfy

Wy = ws T w;. 9

Many signal-idler pairs are generated for a given pump

is discretized the equal-time variance of initial electrical fieldwave, but the conversion efficiency of each pair is limited by

is given by

2
TP —> 8|V hw
E'(rh)E(rt)=—">= ,
(EDE (D) =+ 2eAV

)

whereAV is the volume of a unit cell in our latticev is the

its wave vector mismatch, which for the QPM interaction is
AR =Ky~ Ky~ K ~ Ky, (10)

where the subscripts, s, andi refer to the pump, signal, and
idler wave vectors, respective&,:éZZW/ A is the wave vec-

center frquency of .the electric field. In the coherent-statgor of the dipole grating used for QPM, where the direction
representation, the field operators are replaced by compley the grating is along the axis (i.e., the unit vecto®,) and
field functions whose variance is given by the above expresy is the grating period. Wheak=0 the phase matching is

sion:

h
(EEOP =51y ®)

perfect; in this case, the crystal has the biggest amplification
efficiency for that signal-idler pair. Like Stokes-anti-Stokes
coupling in SRY26], perfect phase matching can always be
achieved if the signal wave propagates at some nonzero

A Gaussian random number generator is used to generagngle with respect to the pump wave, which is called off-axis
a complex random value with zero mean and the variance gfhase matching. In a previous papar], we examined the
hwl2€yAV for each moddincluding frequency modes and off-axis phase matching result, which together with a broad
their transverse modgsin order to include phase fluctua- transverse pump profile can yield a broad spectral band for
tions in the initial field, the random value is a complex num-the signal wave in an elliptical pump beam.

ber. The volume element radiates the field intosteradians,

Since the maximum noncollinear phase-matching angle is

and the amplification is restricted to a small angular acceparound 3°, the paraxial approximation is still valid. In this
tance determined by the pump beam profile and the length ahodel, since we use a small pump beam, the angle turns out

the amplifier medium.

to be below 1°. Each signal-idler pair can be regarded as a
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distinct mode, and its dynamics during propagation chooses 1
a direction with perfect phase matching. We study the OPG 41
process for a long pump pulgseveral nanosecongdso we
assume that the pump wave is a single frequency with & 08
simple Gaussian transverse profile. Also, at any moment thez g7t
pump is quasi-cw inside the medium. Our numerical model §
is (2N+1) equations, which accounts pairs of signal and £

idler longitudinal modes plus one pump mode. The coupled-E 05f .
mode equations are written in the form g oal |
Eo.

= =z

OB wgn X, Z i —~ 03 ]
ol 050 X2 - _Vi Esn(wsnX,2)

Jz 2Kg, 0.2 .
(2) ]

i wsanC Ep(@p, X, 2B (0, %, 2€142 (1)

1480 1485 1490 1495 1500 1505 1510
(a) Signal Wavelength (nm )

aEin(wian:Z) [ =

- VLEin(win-X-Z) 1.5

Jz 2k,

. winX(Z)"" = iAk
=j Ep(@p, X, 2)Eg{wen x,2eM?  (12)
2n;,C

9E X, Z i —
FEpl@pX2) — Vi Ep(@p,X,2)

0z 2k,
(2)

. WpX = = =i
- I_Z[?’]_C E Esn(@sn X, 2 Ein(@in, X, Z)e( IAan)’ (13 05t
p

Noise ( o/<I>)

where the subscript denotes a particular frequency mode.
In our model, we only consider one transverse dimension;
we expect that the result for two dimensions will be similar. 0 ) ) . )
For each frequency mode, the transverse spatial intensity o 1480 1485 1490 1495 1500
output signal wave is determined by its off-axis phase match-(®) Signal Wavelength (nm )

ing angle and spatial properties of the gain area, so that each _ )
frequency mode has its own multi-transverse-mode spec- FIG. 1. Experimental results for the OPG pumpeq at 2 times
trum. The diffraction term enables off-axis phase matching irf2°ve the threshold energia) mode spectrum of the signal wave
our model and also allows us to simply account for the transSa/culated by averaging over 300 output pulses @choise level
verse modes. This model gave us very good results in deqf individual modes calculated by averaging over 300 output pulses.
scribing the broadband spectra of the signal wave in the el- . ) )
liptical pumped OPG27]. We apply this model here to study beam of 400um diameter and _the output S|gn_al spectra is a
the statistical properties of nanosecond OPG pulses. In oJirrow band around the on-axis phase-maiching mode wave-
calculations, the pump pulse is divided into 20 equal-timg€ngth. The pump source is an injection-seeded Nd:¥VO
intervals, which is sufficient for describing the different 125€r, which operates at a wavelength of 1.0&d and has a
pump levels in a single pulse. The power spectrum of thdepetition rate of 883 Hz and a pulse width of 3.5 ns. The

OPG signal is the summation of the output signal from eactfPectrometer resolution is 0.3 §h{0.07 nm. We measured
pump pulse segment in the far field. the signal spectra in the far field and recorded the mode

intensity fluctuations from pulse to pulse. The data were col-

lected from a set of pulses, which was used to examine the

I1l. EXPERIMENTAL AND NUMERICAL ANALYSIS statistical properties of individual mode intensities, and the

OF THE SPECTRAL FLUCTUATIONS pulse intensity averaged over all the modes of OPG pumped

at various energy levels. In this paper the pump threshold is

defined as the pump pulse energy for which the signal is

The experimental setup is similar to that described indetectable; with our detector, this corresponds to approxi-

Refs.[28,29; an output facet from the crystal is polished at mately 14J of energy.

Brewster’s angle in the vertical direction to suppress étalon Figure Xa) is the measured signal spectra averaged over

effects. A QPM lithium niobate crystal is used as the nonlin-300 pulses. The OPG is pumped at 2 times threshold. Figure
ear medium, and the sample length is 3 cm and its height i$(b) is a plot of the measured intensity noise of individual

1 mm. Due to the effects of transverse pump beam size omodes of OPG, also pumped at 2 times threshold. The fluc-

the signal spectra bandwid{l27], we use a narrow pump tuations are higher for the modes in the wings of the spectral

A. Experimental results
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Noise ( o/<l>)
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FIG. 3. Measured relative noise level of the central mode versus
the ratio of the pump energyto the threshold energp.

amplification is in the linear regime, so the statistical prop-
erties of the initial field will be similar for different pump
intensities. For the on-axis frequency with a single transverse
mode, its initial field is generated from a Gaussian random
distribution; thus, the intensity distribution of amplified sig-
nal is a Poisson distribution function of the intensity.

As the pump energy per pulse is increased, the gain area
becomes wider and the effective Fresnel number is larger.
The emission statistics manifests spatial incoherence as mul-
tiple transverse modes begin to participate in the emission
process. This is observed in the intensity distribution of the
signal output, which deviates from the exponential function
0 1 2 3 4 with its maximum moving toward the central mean intensity.
(b) V<l> Figure 2b) is a plot of the central mode intensity distribution

) o _ when OPG is operated at 2 times threshold pump energy; the

FIG. 2. Measured intensity distribution of the central signal o ative signal intensity standard deveiation decreased to

mode ofI OFEG) (\Siréus thetngm:zilt;zedhlr};ensny de:tl%rmlqed Trp 4%
5000 pulses(a operated at threshold energy. The signal in- . .
tensit; noise is 100%(5) OPG pumped at 2 timgz the thrgshold Our results also show t.hat as the gain INcreases, the noise,
energy. The relative signal intensity noise decreased to 54%. a.s measured' by th? relative standarq quIatlon of the C.e”tfa'
signal-mode intensity, decreases. This is demonstrated in Fig.
profile. We focus on studying the statistical properties of the3. For the OPG operated around 2 times the pump threshold,
central(or on-axig emission, which is a good representative the relative noise level has decreased by about a factor of 2;
of the full emission spectra. Since the central region is alincreasing the pump energy further above 2 times threshold,
ways the first one to be amplified, the pump threshold of thehe noise level is monotonically reduced. This is attributable
OPG is actually the threshold of the central mode. Figurdo gain saturation of the central mode. As the peak pump
2(a) shows the intensity distribution of the central signalintensity increases the signal is limited by the energy that can
mode of our OPG operated at threshold; it is very close to &e extracted from the pump. So even though the signal has
negative exponential function. Here 5000 pulses were useldrge intensity fluctuations after propagation through the me-
in the average. The noise level is 100%. Based on coherenalum its final value is clamped by the energy of the pump.
properties of the SRS phenomer{d®], the exponential dis- There are more frequencies amplified when the OPG is
tribution that we find for the OPG intensity distribution is operated above threshold; these modes are uncorrelated ex-
strong evidence that the central mode of the OPG is spatiallgept that they connect with each other by competing for
coherent. This result is explained as follows. At thresholdpump energy and deplete its value. Each frequency mode
operation, only the small radial area at the center of thalso has its own multiple transverse modes, so the final OPG
pump beam has enough gain to overcome other losses; tipeilse can be temporally incoherent as well as spatially inco-
effective Fresnel number is small for this region, and hencéierent. The distribution of the total pulse intensity should
the central mode has a single transverse mode. look more like a Gaussian shape with higher distribution

For the OPG operated near the threshold, the signal iaround the mean intensity; the noise of the total pulse inten-

small and the pump is almost undepleted; near threshold, theity is lower than the noise of individual modes intensities.
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FIG. 4. Experimental result of the total pulse intensity distribu-  FIG. 5. The calculated intensity distribution of a single-mode
tion of the OPG pumped at 2 times threshold. The relative noise igutput signal for undepleted pump determined from 500 runs.
43%.

Figure 4 shows the total pulse intensity distribution when thegaﬁzf"gn;r?neiorgn\gggf ;ﬂmgtilg:\ensslt);ﬁclasvvtrrgblijr:IOF? Ofsou_lt_rr’::
OPG is pumped at 2 times threshold. The total pulse inten: 9 P ' 9. >

Lo . . ._..— noise level is around 100%.
sity is slightly more stable, with a relative standard deviation . .
) . 0 For the depleted pump case, we numerically simulate the
of the intensity of 43%.

OPG process and examine the OPG pulse fluctuations for
various pump intensities. For measured data, the mode spac-
ing was determined by the spectrometer resolution, which is
For simplicity, we start our analysis for an undepleted0.07 nm. To keep the computation time manageable, we used
pump OPG. The analytic solution of the undepleted pump mode spacing of 0.5 nm in our calculations; the larger

B. Numerical results

case with a constant pump profile is well knoy&6]: mode spacing did not affect our conclusions. The pump laser
iAK pulse energy fluctuation is accounted for by including
- : ; 4% rms random fluctuations in our simulations. Figures
A(2) = 0)| cosiigz) — — sinh(gz
<2 [AS( )< g2 g )> 6(a), 6(c), and Ge) are the calculated spectra of output signal

i when the OPG is pumped at threshold and 1.5 times and 2
+ —SAi*(o)sinr(gz)]eiAkﬂ, (14) times above threshold, respectively. Figuréb)66(d), and
g9 6(f) are the corresponding noise level plots of the individual
modes. The on-axis modes are centered around 1482+3 nm.

_ iAk . The plots show the tendency toward higher fluctuations for
A2 = [Ai(0)<cosr(gz) " 29 smh(gz)) the modes with off-axis phase matching angle, specifically
) for the operations above threshold.
I\« ; i For the OPG pumped at threshold, the intensity distribu-
+—A,(0)sinn(g2) [€~42, 15 pump ’ Y
g A(0)sinng )] (19 tion of the on-axis phase-matched mdadee Fig. 7a)] is

very close to an exponential function and the relative noise
level is around 150%; this result indicates that, at threshold
@p operation, the on-axis mode has a monotransverse mode or

where

w
as= %‘Q (16) spatial coherence. As we further increase the pump energy to
s 1.5 times and 2 times of the threshold, the central-mode in-
@ tensity distribution deviates from a Poisson distribution func-
_:“’iX_AE (17) tion and moves toward a Gaussian distributimee Figs.
: 2nc ' 7(b) and 7c)]; the relative noise level decreases to 64% and
37%. This compares well with the experimental results re-
. [Ak)\?|¥? ported in Fig. 2.
9= asa - (;) : (18) The plot in Fig. 8a) shows the decreasing trend in the

relative signal intensity noise for the central mode as the
This solution is for a plane-wave field or a single mode;pump energy is increased. FigurépBis a plot of the total
A, is the amplitude of the undepleted pump wave, which is gulse intensity distribution of the OPG operated at 1.5 times
constant. For the nonlinear coefficient we use the valde  threshold; the distribution has a narrow peak around the
=34 pm/V. We initiate the amplitude of signal and idler asmean intensityl,. The relative standard deviation of total
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FIG. 6. Simulation results for the OPG calculated by averaging over 300 OPG plalsés), and(e) mode spectrum of the signal wave
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for pump energies at threshold, 1.5 times threshold, and 2 times threshold, respectivély, ef)dand(f) relative noise level of individual
modes when the OPG is pumped at threshold, 1.5 times threshold, and 2 times threshold, respectively.

pulse intensity is 45%. Again our simulations are in goodmore and more off-axis phase-matched modes are amplified
and have a contribution to the output signal intensity. In

agreement with experimental results reported in Fig. 3.

Our simulations show that the central mode is amplifiedother words, each individual mode is amplified at its own
first in the OPG process. As the pump pulse energy increasesump threshold levelthe pump threshold we used in mea-
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(b) /<>

gar | FIG. 8. (a) Calculated relative noise level of the central mode

versus the ratio of the pump energyo the threshold energy, and
(b) calculated result of the total pulse intensity distribution. The

OPG operated at 1.5 times threshold.
02F

Comparing our simulation results to the experimental re-
sults, the calculated central-mode relative noise level at
threshold is 150%, which is higher than the measured one
and higher than the analytic result for the single-mode unde-
pleted pump. This is due to pump depletion effects even
close to threshold. As previously mentioned in the experi-
, ‘ ment we define a threshold pump level when the output sig-
0 1 2 3 4 nal is detectable, which is actually the central-mode thresh-

©) I/<I> old. In that case the OPG process is still in the undepleted

FIG. 7. The calculated central-mode intensity distribution of thePUMp region.

OPG determined from 300 pulse&@) the OPG operated at the However, in the calculations, the threshold pump level is
threshold pump energygb) the OPG operated with the pump at 1.5 defined as the knee in the curve of the total signal intensity
times threshold, antt) the OPG operated with the pump at 2 times versus pump intensity. This definition is similar to the lasing
threshold. threshold; below threshold the output is very small and
above threshold the signal intensity versus pump intensity is
surements and calculations actually is the threshold of thénear. The threshold point is at the knee in the curve between
on-axis phase-matched mgod®&ff-axis modes have the same the two regions. In our previous pap9], we found that
noise behavior as the on-axis mode; that is, the noise levéhe off-axis modes begin to appear when the central mode
decreases with increasing pump energy. starts to be backconverted to the pump. In the other words,

0.1

0
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before the off-axis modes are measured, the output is still a IV. CONCLUSION
single moddcentral modg but the process is in the depleted We used a 3-cm-long PPLN crystal to experimentally

pump region. o . . o

For the depleted pump, the macroscopic quantum fluctugy casure the jtanstlcatljprtl)apl\jrgePsGof At\he Sc'jgrl]"."l emlssmindfrg]mt
tions are not just the linear amplification of the initial quan-ﬁ nagosecon -purr;ple_ % ibi ' ﬁmo e bls prdeg,ende a
tum noise. To understand the affect of pump depletion, we as been successiul in describing ofi-axis broadband emis-
also simulate the single-mode, depleted pump process argon Processes in the OP29). Simulations of quantum

find that the distribution function of signal power is distorted nmoéi?atljsrlgsgutlgs \Tvgd%csuhsoevé goonoiti%r?re]mfﬁé vllithnt;eeemxip:gg
from the exponential function; the relative noise level is | h ) | axis b . y hg q 519 ib
greater than 100%. This result demonstrates the dif'ferencIoonmfotr t?]geggl?/l ?)X|IDSG e;r?éjfg Ig)g\flff\/itofw;?;gapészon?g;ivi-
between the two definitions of the threshold; the threshoIc} f the other individual éignal emissions P

pump level used in calculations is higher than the one used i When our OPG was operated close to threshold, the on-

the experiment. For the same reason, the calculated results at.

1.5 times threshold are close to the measured results of 2°> _signal—mode intlens?ty Qistribution was close fo an expo-
’ nential function, which indicated that only the signal close

times threshold. This correspondence is clearly observed b . - . i

comparing between the experimental results and thgwe central axis was amplified and it was spatially coherent.

simulations—i.e., Figs. (8 and ib) with Figs. 6c) and y increasing the pump energy above the threshold, the on-

6(d), Fig. 2b) W|th Fi '7(b) and Eid. 4 with Fi. 8 axis emission became spatially incoherent and at the same
719 g ' g g o )}ime off-axis signal reached threshold and contributed to the

In addition, the experimental pump laser pulse energ S .
fluctuations were in the range 4%—6% in our measurements, \(;?;ﬁ" er?(;lszlogt.igl—lheir?é%r;\aelrg#:pgtj:r?r:g tfrl]l?ctouZt?or\:vsa?nt?r:g
which could enhance the macroscopic fluctuations of OP y ' spatially ’ .
ulses, particularly for the OPG operated at low pump en-otal pulse_ Intensity were F““_C*? lower than the fluctL_Jat|ons of
P ' the pulse intensity of the individual modes. The noise of the

ergy levels. This is another reason why our simulation cal- . . . ) )
on-axis intensity decreased with increasing pump energy;

culations have a smaller noise level for signal fluctuations in o the on-axis sianal had the lowest fluctuations amona all
the on-axis regime when operated above threshold comparf&é individual emisgsions including off-axis contributions gA
to the experimental results. So the discrepancy of the thresh- ’ 9 X

old and pump fluctuations between the simulations and thgumerlcal model was used to simulate the quantum initiation

measurements results in the discrepancy of calculated anEH1d signal amp_llflcatlon of '_[h(_e QPM OPG process, wh|ch
accurately predicts the statistical properties of the on-axis

experimental results; however, our simulations predict the. ) . .
right trend for the statistical behavior of the OPG. signal intensity fluctuations.

The third cause for the discrepancy between our calcula-
tions and experiments is the assumption that the pump pulse ACKNOWLEDGMENTS
is a Gaussian function of time. The experimental pulses may
be more complex than a simple Gaussian function, and their This work is partially supported by NSF Grant No. ECS-
shape could change from shot to shot. This is not measurab®.40109. Y.G. was supported by a DAGSI grant from the
with our experimental setup. State of Ohio.
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