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Broadband suppression of laser intensity noise based on second-harmonic
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We present a novel method for the suppression of laser intensity noise and pulse-to-pulse energy fluc-
tuation, based on second-harmonic generation. This method is broadband, passive, has low complexity,
and suppresses noise uniformly over the noise spectrum. We theoretically model, analytically analyze,
and numerically simulate this technique’s performance for cw and nanosecond pulse lasers with different
pulse shapes. We demonstrate broadband relative intensity noise suppression of up to 48 dB, and pulse-
to-pulse energy fluctuation suppression of up to 50 dB, and highlight the significance of these findings for
extending atom trap storage time, e.g., for quantum information processing.
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I. INTRODUCTION

Laser intensity noise is a hindrance for many established
and emerging applications, such as microscopy [1], high-
precision interferometry [2], spectroscopy [3], and partic-
ularly atom trapping [4–9] for quantum simulation and
quantum information processing, where a contribution to
loss rate is directly proportional to the trapping laser rela-
tive intensity noise (RIN) spectral density, thereby strongly
motivating the development of methods for intensity noise
reduction.

Established methods of laser intensity noise attenuation
generally fall into two categories: pump power modu-
lation or downstream light modulation via acousto-optic
modulation (AOM) or electro-optic modulation (EOM).
Both approaches rely on tapping the laser output to gen-
erate an electrical signal for feedback control systems
that drive the pump power or light modulation such that
it counteracts intensity fluctuations [10,11]. Pump power
modulation achieves a noise-suppression bandwidth of
up to about 1 MHz. This approach is limited to diode-
pumped lasers with fast diode current control electronics.
Recently, it was extended by also injecting the laser out-
put into a saturated semiconductor optical amplifier and
filtering its amplified spontaneous emission, achieving a
noise-suppression bandwidth of 50 MHz [12]. Unfortu-
nately, this approach strongly limits the output laser power
to the amplifier’s saturation point. Noise suppression via
downstream AOM is limited to sub-MHz frequencies by
the bandwidth of the modulator. Bulk EOM has been
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shown to facilitate noise suppression up to 10 MHz [13],
while waveguide EOM reaches multi-GHz noise suppres-
sion bandwidths [14]. However, both EOM cases involve
significant limitations. Bulk EOM requires high half-wave
voltages (100–1000 V), which introduces complexity and
cannot be driven faster than a few MHz. Waveguide EOM
has a low damage threshold, supporting laser powers only
much less than 1 W. In both cases, operation depends
crucially on the laser’s mean power level (e.g., due to
saturation of electronics), necessitating manual adjust-
ments of the feedback system whenever laser power is
changed (e.g., due to long-term drift or aging). A recent
experiment utilized AOM for its excellent performance at
dc–10 kHz, combined with an EOM for 10 kHz–1 MHz,
where the EOM requires only a small dynamic range that
is easy to manage with high frequencies [11]. This highly
complex approach achieved a 15-dB suppression of noise
spectral power density up to 1 MHz, where optimal opera-
tion is accompanied by a transmission of 50%, increasing
the atom trap lifetime by a factor of 10. All these feedback-
based approaches introduce significant complexity. Even
within their bandwidth, the degree of noise suppression
can vary by orders of magnitude depending on noise fre-
quency. Additionally, any such feedback system inevitably
increases noise at some range of frequencies beyond its
bandwidth (colloquially called “servo bump” or “bode
bump”) [15].

Past approaches that utilize nonlinear wave mixing for
noise suppression relied on saturating optical paramet-
ric amplifiers (OPAs) [16], nonlinear polarization rotation
(NPR) [17], or intracavity second-harmonic generation
(SHG) [18–20]. While OPA saturation achieves 15-dB
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noise suppression over a bandwidth of 10 GHz, it is a
very complex approach, requiring additional pump lasers
and many fiber components. Because noise suppression
via NPR utilizes an interferometric configuration of similar
complexity, it also requires very good mechanical stability.
Furthermore, it is practically applicable only to femtosec-
ond pulses with sufficiently high peak intensity to drive the
weak Kerr effect that facilitates NPR. Just a 4-dB reduction
in pulse-to-pulse energy fluctuation has been demonstrated
with this method. Intracavity SHG works as a weak nonlin-
ear loss mechanism that supplements laser gain saturation
to counteract intensity fluctuation due to relaxation oscil-
lation, reducing RIN by up to 6 dB at GHz frequencies.
However, this highly complex approach requires special
laser design and is extremely difficult to implement for
existing lasers. Recently, a brief note was published on
rms RIN suppression with phase-mismatched extracavity
SHG [21], with no investigation of the physical mechanism
underlying this anecdotal observation.

To overcome the complexity and limitations of exist-
ing techniques, here we present a method of passive
noise attenuation based on single-pass extracavity phase-
matched SHG. For clarity, we emphasize that this method
does not change the laser’s optical frequency but rather
suppresses noise at the fundamental frequency. This
method is simple to implement and has nearly infinite
bandwidth since it relies on a perturbative light-matter
interaction with subfemtosecond response time. For the
same reason, it provides the same degree of noise atten-
uation regardless of noise frequency.

Since our method is based on a nonlinear optical pro-
cess, its performance depends on laser intensity in the SHG
crystal and on the amount of intensity noise. Below we
analyze this dependence for cw and various pulsed lasers.
We show that in optimal conditions and where the laser ini-
tial rms RIN is low, rms RIN suppression reaches at least
24 dB, corresponding to 48-dB attenuation of RIN spec-
tral density. Even when initial rms RIN is as high as 10%,
rms RIN is attenuated by 13 dB (i.e., RIN spectral density
attenuation of 26 dB). Therefore, when applied to trapping
beams, this method can increase atom trap storage time by
orders of magnitude, and even eliminate intensity noise as
a significant contributing factor to trap loss rate. Addition-
ally, for pulsed lasers, we show that pulse-to-pulse energy
fluctuation is suppressed by 50 dB.

II. THEORY

A. Fundamental wave transmission through
second-harmonic generation

The SHG process is a special case of three-wave mixing
with exact analytical solutions in the plane-wave approxi-
mation [22,23]. If the process is phase-matched and there
is no second-harmonic light at the beginning of the inter-
action, the output intensity at the fundamental frequency is

given by

Iω,out = Iω,insech2
(√

ζ ′Iω,in

)
, (1)

where

ζ ′ ≡
( √

2ωdeffL
n1(c3n2ε0)1/2

)2

, (2)

ω is the frequency of the fundamental wave, Iω,in is its ini-
tial intensity, n1 and n2 are the refractive indices of the
fundamental and second-harmonic waves, respectively, deff
is the second-order nonlinear coefficient of the medium, L
is the length of the medium, c is the speed of light, and
ε0 is the permittivity of free space. We label this quan-
tity ζ ′ to distinguish it from the commonly used parameter
ζ ≡ 2ωdeff|A1(0)|L/(n1n2)

1/2c. We define a unitless nor-
malized input intensity ζ ′Iω,in, which contains both the
nonlinear medium’s properties and the input light inten-
sity Iω,in, making all discussions universally applicable to
any nonlinear media.

Here, we wish to pay particular attention to the critical
points of Iω,out as Iω,in changes. As we limit our discus-
sion to the fundamental frequency (where the analysis
of second-harmonic RIN can be found elsewhere [24]),
the subscript ω is omitted hereon for brevity. Figure 1(a)
shows the output intensity as a function of normalized
intensity, which has a single maximum at ζ ′Iin = 1.43923.
Correspondingly, the derivative of Iout with respect to Iin
crosses zero at the same point, as shown in Fig. 1(b).
The reason for this trend can be understood as follows.
Consider a given nonlinear medium, i.e., fixed ζ ′, so that
the horizontal axis of Fig. 1(a) is proportional to input
intensity. As the input intensity increases, the nonlinear
transmission of the fundamental Tnl = Iout/Iin decreases,
since a greater fraction of the input light gets converted
to the second harmonic [see Fig. 2(b)]. While the input
intensity increases linearly by definition, the transmission
decreases nonlinearly as prescribed by Eq. (1). The prod-
uct of these two opposing trends, which vary at different
rates with input intensity, produces the maximum shown in
Fig. 1(a). The critical value of ζ ′Iin = 1.43923 is obtained
by numerically finding the zero crossing of the analytical
expression for the derivative,

dIout

dIin
=
(

1 −
√

ζ ′Iin tanh
(√

ζ ′Iin

))
sech2

(√
ζ ′Iin

)
. (3)

The maximum of Iout bears the physical significance
that, if the input intensity Iin fluctuates around ζ ′Iin =
1.43923, the nonlinear transmission of the medium would
counteract the input intensity fluctuation, effectively sup-
pressing the output intensity fluctuations. Consequently,
this lays the basis for a nonlinear device that passively
attenuates intensity noise.
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FIG. 1. (a) Output intensity and (b) its derivative with respect
to input intensity, as functions of the normalized input intensity
ζ ′Iin. The dashed lines indicate the critical point ζ ′Iin = 1.43923,
where the output intensity reaches a maximum and its derivative
vanishes.

B. Relative intensity noise (RIN)

For clarity, we first rigorously define the concepts of
frequency-resolved RIN and rms RIN (also called inte-
grated RIN). To distinguish the two quantities, we label
them Rf and Rrms, respectively, as both of these terms
are commonly referred to simply as “RIN” in different
publications. We begin by writing the intensity as

I(t) = Ī + δI(t), (4)

where Ī is the average intensity and δI(t) is the time-
dependent intensity noise. Then we have the following
definitions [25]:

Rf ≡ 1
Ī 2

SI (f ), (5a)

Rrms ≡
√

1
Ī 2

∫
SI (f )df , (5b)

where f is noise frequency and SI (f ) is the power spectral
density of intensity noise. Here we carry out analysis in
the time domain, where the statistical variance of δI(t) is
directly related to its power spectral density through σ 2

I =∫
SI (f ) df [25], so that

Rrms =
√

σ 2
I

Ī 2
=
∣∣∣∣
σI

Ī

∣∣∣∣ , (6)

and σI is the rms value of intensity noise. To evaluate noise
attenuation performance, we consider the ratio of output

and input Rrms as the Rrms transfer,

Rrms transfer ≡ Rrms,out

Rrms,in
= σI ,out/Īout

σI ,in/Īin
, (7)

and similarly for Rf . Below we show that the Rf trans-
fer is independent of frequency. Therefore, by virtue of
Eq. (5), the value of the Rf transfer is obtained by sim-
ply squaring the value of the Rrms transfer. For instance, a
Rrms transfer of 10−1 (−10 dB) equates to 10−2 (−20 dB)
Rf transfer.

C. First-order perturbation analysis

In this section, we assume the input intensity noise
represents a small perturbation atop of the time-averaged
intensity, i.e., δIin(t) � Īin. This is a common situation
for many lasers, and it also alludes to analytical analysis
that reveals insights into the noise attenuation process. To
relate to our discussion on RIN statistics, let the standard
deviation of δIin(t) be σI ,in. Applying first-order Taylor
expansion to Eq. (1), we write the fundamental output
intensity as

Iout(t) = Īinsech2
(√

ζ ′Iin

)
+ δIin(t) × dIout

dIin
. (8)

Similarly, we propagate the noise statistics to the first order
by [26]

σI ,out = σI ,in × dIout

dIin
. (9)

Using the definition of Rrms transfer in Eq. (7) and the
expression for the derivative in Eq. (3), one finds

Rrms transfer =
∣∣∣∣1 −

√
ζ ′Īin tanh

(√
ζ ′Īin

)∣∣∣∣ . (10)

Notice that the transfer of RIN depends solely on the aver-
age input intensity Īin for a given medium described by ζ ′,
and it is thus independent of any frequency dependence
of the input noise, thereby facilitating broadband noise
attenuation. Additionally, when evaluated numerically, this
function takes the range of 0 to 1 when 0 ≤ ζ ′Iin <

4.26562. Figures 2(a) and 2(b) show the Rrms transfer as
a function of normalized intensity and the corresponding
intensity-dependent nonlinear transmission, respectively.
The shaded region indicates the noise attenuation regime,
and the nonlinear transmission at the point of zero noise
transfer is 0.305, corresponding to a second-harmonic con-
version efficiency of 0.695. These plots imply that a care-
ful selection of the nonlinear medium and laser focusing
geometry is necessary to avoid unintended noise amplifi-
cation where ζ ′Iin ≥ 4.26562. However, because the non-
linear transmission is very low (Tnl < 0.07) in the noise
amplification regime, it is anyway of low practical interest.
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FIG. 2. (a) Perturbative Rrms transfer as in Eq. (10) and (b)
nonlinear transmission Tnl as a function of normalized intensity
ζ ′Iin.

III. NUMERICAL SIMULATION

In this section, we present numerical simulation results,
for both cw and cases of pulsed lasers. Due to the time
independence of the noise transfer function in Eq. (10),
we may employ the same analysis for pulsed lasers,
where we assume long pulses with an optical bandwidth
much narrower than the SHG phase-matching bandwidth.
In practice, this limits our analysis to pulse duration
on the scale of nanoseconds or longer. For the sake
of illustration, we will exemplify the noise attenuation
process with a commonly used nonlinear crystal: peri-
odically poled magnesium-oxide-doped lithium niobate
(MgO:PPLN) with a length of 1 cm, quasi-phase-matched
for the SHG of 1064 nm, which is the wavelength of the
Nd:YAG laser commonly used in atom traps. Using the
relevant Sellmeier equation [27], one finds that in this case
ζ ′ = 7.68 × 10−11 m2/W, which will be assumed in the
following simulations without compromising generality.
To put this number in a practical perspective, the optimal
input intensity corresponding to 1 cm of MgO:PPLN crys-
tal is 1.9 MW/cm2, which is below its cw laser-induced
damage threshold [28]. In terms of power, a peak power
of 300 W for a beam with 0.1-mm radius is required to
reach the ideal intensity, a value that is easily accessible
for nearly all nanosecond laser systems (e.g., 3-µJ pulse
energy with 10-ns pulse duration).

Interestingly, a recent experiment investigated RIN in
the second harmonic generated from a cw laser with
1064-nm wavelength [24]. A model for RIN transfer into
the second harmonic was developed, along the same lines
as here, using perturbative noise and the analytical solution
for the plane-wave approximation. The RIN transfer model

and experiment presented in Ref. [24] showed excel-
lent agreement when the fundamental beam was focused
into a 30-mm long lithium tantalate crystal with a radius
of 48 µm, where the confocal length is about the same
as the crystal length. Therefore, the plane-wave model
correctly predicts experimental measurements of second-
harmonic RIN even under focusing conditions at the edge
of its validity range. This encourages using intensity val-
ues corresponding to similar focusing conditions in our
plane-wave numerical investigation of the RIN of the
fundamental wave.

For the 1-cm-long MgO:PPLN crystal considered in this
work, the same focusing condition implies a beam radius
of 27 µm. Optimal noise suppression of the output funda-
mental beam would then require an input power of 22 W.
Therefore, for cw lasers, the scheme presented here is
applicable to somewhat high power, though this require-
ment can be relaxed by using longer crystals (since ζ ′ ∝
L2), in combination with schemes that increase effective
crystal length such as multicrystal SHG [29], multipass
SHG [30], or cavity-enhanced SHG [31]. For example, the
single-pass power requirement for cw lasers could be low-
ered to 4.6 W by focusing into a 5-cm MgO:PPLN crystal
with 64-µm beam radius. As another example, the four
single-pass configuration of Devi et al. [29] with 5-cm-
long MgO:PPLN crystals and a 64 microns beam radius,
further reduces the optimal power by a factor of 16 to
288 mW. To extend the application of this technique to cw
lasers with even lower emission power, such as milliwatt-
level midinfrared interband cascade lasers with exquisite
spectral properties [32], it may not be possible to avoid
the added complexity of amplification [33,34] to reach
the optimal power for noise attenuation. In this proposed
scheme, noise suppression needs to more than compensate
for potential noise degradation by amplification to deliver
an overall benefit (though some amplification schemes can
even reduce noise [16]).

To present the noise-attenuation results progressively,
we organize this section as follows: we start by consider-
ing RIN attenuation for a cw laser. Next, we examine RIN
attenuation for various pulsed sources with Gaussian and
super-Gaussian intensity profiles, for which we also calcu-
late the attenuation of pulse-to-pulse fluence fluctuations.
Finally, we characterize both intensity and fluence noise in
pulses with asymmetrical shapes.

The numerical simulations in this section use randomly
generated numbers with given RIN statistics to repre-
sent intensity or fluence noise as white noise with a
prescribed rms value. The implementation and data visual-
ization of numerical studies utilizes numpy and matpotlib
[35,36]. We choose an rms value of 10−1 to represent
the most extreme nonperturbative value of practical inter-
est for input RIN, and 10−5 to represent the perturbative
noise limit without any hindrance of generality, as results
are very similar when the rms value is even 100 times
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greater. The latter range covers the noise properties of most
lasers.

A. Continuous wave

We start by examining the simplest case of continuous
waves. Figure 3 shows the Rrms transfer for the pertur-
bative case, calculated both numerically and analytically
with Eq. (10), and the numerical calculation for the non-
perturbative case. For ease of reference, the corresponding
nonlinear transmission is indicated at the top of the plot.
For perturbative noise (10−5), the analytical and numeri-
cal results agree on optimal rms noise attenuation greater
than 250 (48-dB Rf attenuation). In fact, the analytical
expression gives rise to an exact zero noise transfer (to first
order) when the intensity equates to its critical point. The
numerical result at the critical point becomes lower as the
numerical resolution of the normalized intensity improves.
This implies that a better agreement with the analytical
result of greater RIN attenuation is numerically demonstra-
ble, although here it is limited by our numerical precision.
Figure 3 also includes the Rrms transfer for Rin = 10−3,
which is essentially the same as for Rin = 10−5, showing
the extent of the perturbative regime. For nonperturbative
noise (10−1), the rms RIN is nevertheless attenuated by
more than 20 when ζ ′Iin = 1.43923, corresponding to a
26-dB attenuation of Rf . We emphasize that in all cases
the optimal RIN attenuation significantly exceeds the non-
linear loss of optical intensity, as indicated by the nonlinear
transmission of Tnl = 0.305. In other words, the loss of
noise power is much greater than the loss of average power,
rendering the trade-off worthy. This is particularly true for
applications that are limited by intensity noise and not by
available laser power, such as atom trapping.

B. Gaussian and super-Gaussian pulses

1. Intra-pulse relative intensity noise

We now extend our cw analysis to long (nanosecond)
pulses with a bandwidth well contained within the phase-
matching bandwidth. Since the RIN transfer is time inde-
pendent, we apply the cw analysis separately for each point
in time along the pulse duration. In this section, we adopt
a generalized definition of a Gaussian and super-Gaussian
temporal intensity profile,

I(t) = Ip exp
(

−2
(

t
τ

)n)
, (11)

where Ip is the peak intensity of the input pulse, τ is the
pulse duration, and n is a positive even integer. A few
examples of such profiles are shown in Fig. 6(c). We refer
to the special case of n = 2 as a Gaussian pulse.

Figures 4(a) and 4(b) show the Rrms transfer along a
Gaussian pulse for different peak input intensities, for the
perturbative and nonperturbative noise case, respectively.

rm
s

×

FIG. 3. Analytical and simulatedRrms transfer for perturbative
noise (Rin = 10−5) and simulated Rrms transfer for both non-
perturbative noise (Rin = 10−1) and perturbative noise (Rin =
10−3). The overlapping curves show that the perturbative range
extends to Rin = 10−3 and that the analytical formula shows
good agreement with the simulated result for perturbative noise.

To underscore the universality of our result, we plot in
terms of unitless quantities of normalized time t/τ and nor-
malized intensity ζ ′ × Ip . In addition, each plot includes
an additional vertical axis showing the nonlinear fluence
transmission corresponding to each peak normalized inten-
sity, in order to convey the overall transmission of pulse
energy. In both perturbative and nonperturbative cases, the
dark green band corresponds to the points in time in which
the normalized intensity is close to the critical value, where
RIN transfer is lowest. When this point is at the pulse peak
(t = 0), the overall RIN transfer is lowest, since around the
pulse peak the intensity varies most slowly and remains
close to the optimal value. For practical applications, it is
of greater interest to reduce noise at and around the pulse
peak rather than at two short intervals straddling it. There-
fore, each figure also includes the curve of Rrms transfer
for this case. Under this optimal condition, the range in
which the Rrms (Rf ) attenuation is at least 10 dB encom-
passes approximately 40% (68%) of the pulse energy for
both perturbative and nonperturbative cases, despite the
steep slope of the RIN transfer as a function of intensity,
and the nonlinear fluence transmission is 44%.

Other applications aiming to increase the utilization of
nonlinear interactions have employed nanosecond pulse
shaping, e.g., by controlling laser amplifier pump power
to generate flat-top pulses [37–39]. Here as well we expect
better nonlinear RIN suppression for flat-top pulses where
a greater part of the input pulse is at the optimal inten-
sity. Therefore, we repeat the same analysis for rectan-
glelike super-Gaussian pulses, as shown in Fig. 5. In the
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FIG. 4. (a) Perturbative and (b) nonperturbative Rrms noise
transfer of pulses with Gaussian profile [n = 2 in Eq. (11)]. Each
horizontal section represents a pulse of respective peak normal-
ized intensity, with the color corresponding to the intrapulse Rrms
transfer. The nonlinear fluence transmission axis refers to the
transmission of fluence at the given value of ζ ′ × Ip . The loca-
tion of the troughs at t = 0 relates to the intensities of greatest
noise attenuation, evaluated in Sec. II. Each subfigure includes a
plot of the Rrms transfer along the pulse for the optimal case of
ζ ′Ip = 1.43923, shown in violet. The simulation in (b) assumes
Rrms,in = 10−1.

n = 10 super-Gaussian example, the 10 dB or greater
Rrms (Rf ) attenuation region contains 84% (94%) of the
pulse energy, for both the perturbative and nonperturbative
cases, demonstrating the potential for excellent noise atten-
uation performance with a well-chosen pulse shape. At the
same time, the fluence transmission drops to 33%, owing to
the nonlinear transmission being lower for a longer portion
of the pulse [see also Fig. 6(d)].

Noting the similarities of the location of the troughs
between the perturbative and nonperturbative cases, for
both Gaussian and super-Gaussian pulses, one could use
the analytical result from the perturbative analysis to select
an optimal ζ ′ (i.e., match a nonlinear crystal to a given
laser intensity) even if the noise is nonperturbative.

(a)

(b)

×

×
×

rm
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FIG. 5. (a) Perturbative and (b) nonperturbative noise transfer
of pulses with super-Gaussian profile, i.e., the same as Fig. 4 for
n = 10 in Eq. (11). Compared to the Gaussian-shaped pulse of
Fig. 4, a greater portion of the pulse receives noise attenuation.

2. Pulse-to-pulse fluence noise

In addition to intrapulse noise, some applications
are very sensitive to pulse-to-pulse energy fluctuations,
e.g., material processing [40] or laser-induced break-
down spectroscopy [41]. Many of these applications uti-
lize nanosecond pulses with relatively high pulse energy
(mJ–J), that are commonly generated with Q-switched
lasers, where higher pulse energy is accompanied by a
lower pulse repetition rate (commonly as low as 1 Hz)
to avoid detrimental thermal loads due to high average
power. However, the decrease in repetition rate leads to
a simultaneous increase in pulse-to-pulse energy fluctua-
tions, because the amount of energy buildup in the gain
medium depends strongly and nonlinearly on the time
interval between pulses, and the absolute error in this time
interval is greater when the interval is longer [42]. Conse-
quently, higher pulse energy is accompanied by stronger
pulse-to-pulse energy fluctuations.

In this section, we investigate how our proposed scheme
damps pulse-to-pulse energy fluctuation in terms of flu-
ence, where fluence is the time integral of intensity, F =
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FIG. 6. (a) Perturbative (σF ,in/F̄in = 10−5) and (b) nonper-
turbative (σF ,in/F̄in = 10−1) fluence noise transfer. For an
increasing value of n, the fluence noise attenuation of the super-
Gaussian pulse similarly approaches the cw case. (c) Pulse shape
and (d) fluence transmission for various orders n of super-
Gaussian pulses. The pulse shape becomes rectangular and its
fluence transmission approaches the cw case as n increases. Here
the pulse duration τ is held constant.

∫
pulse I(t) dt, and therefore proportional to pulse energy.

Similar to the treatment as in Eq. (6), we define the transfer
of fluence fluctuation, or fluence noise, as

Fluence Noise Transfer ≡ σF ,out/F̄out

σF ,in/F̄in
, (12)

where σF is the rms fluence noise and F̄ is the average
fluence.

To study the noise attenuation numerically via com-
puter simulations, we devise pulse trains in which the
pulse shape is fixed and the peak intensity varies randomly
between pulses. Over sufficiently many pulses, the statis-
tics of the input and output fluence converge, which we use
to compute the fluence noise transfer as defined in Eq. (12).

Figures 6(a), 6(b), and 6(d) depict the perturbative flu-
ence noise transfer, nonperturbative fluence noise transfer,
and fluence transmission, respectively, as functions of the
nominal (i.e., noise-free) peak normalized input intensity,
for Gaussian and several selected super-Gaussian intensity
profiles. Normalized pulse intensity profiles as functions
of time are plotted in Fig. 6(c) as a visual aid. For refer-
ence, the result for the cw intensity transmission and Rrms
transfer is also shown (dashed black line). For cases shown
in Fig. 6(a), the input pulse-to-pulse fluence fluctuations
have an rms value of 10−5 of the nominal input fluence,
i.e., within the perturbative noise regime. For cases shown

in Fig. 6(b), the input pulse-to-pulse fluence fluctuations
have an rms value of 10−1, which is highly nonperturba-
tive. We expect the pulsed results to approach those of
the CW case as n increases and the intrapulse variation
in nominal intensity decreases, as is indeed the case for
both perturbative and nonperturbative noise. In Fig. 6(d)
we see that the fluence transmission is highest for a Gaus-
sian (n = 2) pulse, as we explained in Sec. III B 1 when
comparing Figs. 4 and 5. For the same reason, Fig. 6(a)
reveals a different optimal normalized peak intensity for
different pulse shapes (where the fluence noise transfer
exhibits a sharp drop towards a single minimum), with the
highest optimal ζ ′Ip value belonging to the Gaussian case.
Still, for all pulse shapes, the optimal fluence noise atten-
uation is at least 50 dB for perturbative noise and 15 dB
for nonperturbative noise, again limited by our numerical
precision.

It is worth noting that the optimal peak normalized
intensity for RIN attenuation (i.e. ζ ′Ip = 1.43923) does not
necessarily coincide with that for fluence noise attenuation.
As the value of n grows and the pulse shape gradually
becomes rectangular [as shown in Figs. 6(a) and 6(c)],
the optimum for fluence noise attenuation approaches the
optimum for RIN attenuation. Moreover, the compari-
son between Figs. 6(a) and 6(b) shows that this trend
holds regardless of whether the noise is perturbative or
not. Empirically, we found two functions that describe the
position of the minima in Fig. 6(a):

ζ ′ × Ip(n) = 1.43923 × (1.504 × π)1/n , (13a)

ζ ′ × Ip(n) = 3.61n−2 + 1.65n−1 + 1.44. (13b)

The shape of the hyperbolic function with ζ ′Ip(2) ≈ π and
ζ ′Ip(n → ∞) = 1.43923 inspires the form of Eq. (13a),
whereas a straightforward polynomial fit produces Eq.
(13b). These two functions are plotted in Figs. 7(a) and
7(b). Both functions yield practical guidance on selecting
a nonlinear medium and focusing conditions for a given
pulse shape and pulse energy.

3. Pulse shape variation

Since the nonlinear transmission is intensity-dependent,
the transmitted pulse shape differs from that of the
input. To quantify this variation, we consider the zero-
delay cross-correlation between the input and output pulse
shapes relative to the autocorrelation of the input pulse
shape,

η =
∫

Ĩin(t)Ĩout(t) dt∫
Ĩ 2
in(t) dt

, (14)

where Ĩin(t) = τ × Iin(t)/Fin and Ĩout(t) = τ × Iout(t)/Fout
are the input and output pulse intensities normalized by
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Super-Gaussian order n

×

(13a) (13b)

FIG. 7. Comparison of Eq. (13) with respect to simulated
result indicates good fit. Either of the functions may be used for
the practical choice of ζ ′ for a given peak intensity.

their respective average intensities. The pulse-shape corre-
lation η is a unitless quantity that ranges between 0 and 1,
where a value close to zero indicates significant dissimilar-
ities between the input and output pulse shapes and a value
close to unity indicates negligible pulse-shape variation.

Figure 8(a) shows pulse-shape correlation values for
different orders of super-Gaussian pulses as a function
of normalized peak intensity. Evidently, η increases with
super-Gaussian order n, for the same normalized peak
intensity. The reason behind this trend is the intensity
dependence of the nonlinear transmission, which translates
into a variation in transmission along the pulse.

Figures 8(b) and 8(c) illustrate the effects of such vari-
ation by plotting the transmitted super-Gaussian pulses
(n = 2 and n = 100, respectively) at various normalized
intensities. For the n = 2 case, the variation falls into three
regimes, qualitatively. When the input peak intensity is
small compared to the optimum (ζ ′ × Ip < 1.43923), the
nonlinear interaction is weak and the variation is not pro-
nounced; when the input peak intensity is close to optimum
(ζ ′ × Ip ≈ 1.43923), the variation “flattens” the pulse peak
since the nonlinear transmission counteracts against the
change of intensity near this optimum (see Fig. 1); when
the input peak intensity is large compared to the optimum
(ζ ′ × Ip > 1.43923), the transmitted pulse loses its sin-
gular peak due to the low nonlinear transmission at high
intensities. For the case of n = 100 as in Fig. 8(c), where
intensity is constant throughout the pulse duration, the
variation is minor, and it manifests as small undershoots
and overshoots near the rising and falling edges. Overall,
for peak intensities up to the optimum value, all considered
pulse shapes remain single peaked and the pulse-shape
correlation exceeds 0.85, indicating a small degree of
variation that is acceptable for almost all applications.
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FIG. 8. Pulse-shape variation quantified (a) via pulse-shape
correlation for different super-Gaussian orders n as a function of
normalized peak intensity, and demonstrated for output pulses
obtained from (b) Gaussian (n = 2) and (c) super-Gaussian
(n = 100) input pulses with different values of normalized peak
intensity. In (a), the dashed line indicates the optimum normal-
ized peak intensity value of 1.43923.

C. Asymmetrical pulses

1. Intrapulse relative intensity noise

Some strongly pumped Q-switched lasers produce
asymmetric pulse shapes, with a fast-rising leading edge
(due to the high amount of energy stored in the gain
medium) followed by a more slowly falling trailing edge
(due to low cavity loss) [43]. We analyze our method’s per-
formance with such pulses, which we model as two halves
of a Gaussian pulse, each with a different time constant,

I(t) =
⎧⎨
⎩

Ip exp
(
−2

( t
aτ

)2
)

t < 0

Ip exp
(
−2

( t
τ

)2
)

t ≥ 0
, (15)

where 0 < a ≤ 1 is an arbitrary constant, modeling the
pulse asymmetry. The numerical result calculated using
Eq. (10) is shown in Fig. 9, and selected asymmetrical
pulse shapes are shown in Fig. 10(c). To draw a meaning-
ful comparison between asymmetrical pulse and Gaussian
pulse, we again present the result in the normalized time
unit of t/τ , where the decay rate τ is kept constant across
all simulations to preserve generality. In this example, the
faster growth rate of the leading edge causes the inten-
sity to quickly deviate from the optimum RIN attenuation
intensity, resulting in a degraded performance compared
to the cases of Gaussian and super-Gaussian pulses. In
Fig. 9, the violet curve of RIN transfer function at ζ ′Ip
= 1.43923 demonstrates that a narrower region in time
benefits from the noise attenuation effect. Indeed, the
region where Rrms attenuation is at least 10 dB contains
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(a)

(b)

×

×
×

rm
s

rm
s

rms

FIG. 9. (a) Perturbative and (b) nonperturbative noise transfer
of pulses with asymmetrical profile, i.e., the same as Fig. 4 for
a = 0.5 in Eq. (15).

only 20% of the pulse energy, for both the perturbative and
nonperturbative noise cases.

2. Pulse-to-pulse fluence noise

As explained above, pulse asymmetry is more pro-
nounced in strongly-pumped Q-switched lasers, where
pulse energy is high and repetition rate is low, which also
produces greater pulse-to-pulse energy fluctuations as out-
lined in Sec. III B 2. Therefore, we now examine the impact
of pulse asymmetry on fluence noise transfer.

Figures 10(a) and 10(b) show perturbative and nonper-
turbative fluence noise transfer, respectively, for different
values of the asymmetry parameter a. For all values of a,
the numerically calculated data points overlap, showing
that pulse asymmetry does not impact the fluence noise
attenuation. Pulse-to-pulse fluence fluctuation is attenu-
ated by at least 36 dB for perturbative noise and 17 dB for
nonperturbative noise regardless of asymmetry, while the
calculation of these values is limited by our numerical pre-
cision (i.e., actual noise suppression may be higher). We
note that, as in the case for symmetric Gaussian pulses,
the optimal normalized peak intensity for RIN attenuation
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FIG. 10. (a) Perturbative (σF ,in/F̄in = 10−5) and (b) nonper-
turbative (σF ,in/F̄in = 10−1) fluence noise transfer for selected
asymmetrical pulse shapes, parameterized by the value of a in
Eq. (15), as a function of peak normalized intensity. The inset
(c) shows the effect of the parameter a on the pulse-shape asym-
metry. The overlapping data points in both (a),(b) show that the
fluence noise attenuation is independent of the degree of asym-
metry. The comparison between (a),(b) shows that whether or
not the noise is perturbative does not change the optimal ζ ′ × Ip
value for fluence noise attenuation.

is different from the one for pulse-to-pulse noise attenua-
tion and that whether or not the noise is perturbative does
not change the optimum ζ ′ × Ip value for fluence noise
attenuation.

IV. CONCLUSION

To summarize, we have theoretically modeled and
numerically simulated a broadband intensity noise and
pulse-to-pulse energy fluctuation (i.e., fluence noise) atten-
uation method based on an SHG process, where noise
is attenuated for the fundamental frequency wave. This
method utilizes only passive components, thus avoiding
the complexity and out-of-band noise increase (“servo
bump”) of feedback-based approaches. Here, the noise-
attenuation mechanism depends exclusively on intensity
and is consequently independent of the noise spectrum,
allowing uniform RIN attenuation at frequencies that are
outside the reach of conventional noise eaters.

Through perturbative analysis, we found that the
strongest intensity noise attenuation occurs when ζ ′ ×
Iin = 1.43923. To validate our result, we have numeri-
cally simulated the noise attenuation performance, for both
perturbative and nonperturbative noise, for cw lasers and
pulsed lasers with various pulse shapes. For cw lasers, we
numerically demonstrated Rrms (Rf ) suppression as high
as 24 dB (48 dB) for perturbative noise, and 13 dB (26 dB)
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for very strong noise of 10% of rms intensity. These find-
ings make this an excellent method for greatly increasing
atom trap storage time, which is often significantly limited
by laser intensity noise. Among Gaussian, super-Gaussian,
and asymmetrical Gaussian pulses, the optimal pulse-to-
pulse fluence fluctuation suppression is the same for all
pulse shapes at about 50 dB. However, the optimal peak
intensities for attenuating pulse-to-pulse fluence fluctua-
tions and intrapulse intensity noise could differ, depending
on the pulse shape. We discovered that high-order super-
Gaussian pulse shapes experience the least pulse-shape
variation and benefit the most in concurrent intrapulse RIN
and pulse-to-pulse fluence noise attenuation.

Finally, we note that here we limited our analysis
to loosely focused narrowband light sources, such that
the SHG phase-matching bandwidth exceeds the angu-
lar and optical bandwidth. However, our method could
be extended to broadband sources, such as femtosec-
ond lasers, by considering methods for broadband phase
matching, e.g., adiabatic frequency conversion [44–47],
random quasi-phase-matching [48], or composite segment
schemes [49].
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