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Fig. 1. Schematic setup for combined NER and post-compression

using an MPC (beam incident from the left). The MPC is placed

in-between crossed polarizers POL1 and POL2 and crossed quarter-

wave plates QWP1 and QWP2, followed by a compressor used for

chirp compensation (COMP).

show how the compressed output pulse can be optimized through

polarization state control, at the expense of efficiency. Finally, we

demonstrate this new regime using pulse shape measurements

through frequency-resolved optical gating (FROG).

A schematic setup for implementing NER in an MPC for com-

bined temporal contrast improvement and compression is shown

in Fig. 1. The nonlinearity is introduced in the MPC through a

Kerr medium; in this case, a gas or solid medium. The MPC is

between two quarter-wave plates QWP1 and QWP2, oriented at

angles φ1 and φ2 = φ1 + 90◦. QWP1, MPC, and QWP2 are all

in-between crossed polarizers POL1 and POL2. Depending on

its angle, QWP1 can convert the linear input polarization into

elliptical polarization. The two orthogonal polarization compo-

nents Ex and Ey, commonly illustrated together as a polarization

ellipse, then accumulate different amounts of nonlinear phase,

resulting in the rotation of the said ellipse [20]. For NER, these

two angles are typically adjusted aiming at the highest effi-

ciency. QWP2—typically set perpendicular to QWP1—converts

the rotated and non-rotated signals into horizontal and vertical

polarization. Temporal cleaning happens at the polarizer POL2,

wherein the rotated parts of the pulse (now polarized perpendic-

ular to the initial orientation) are separated from the non-rotated

parts. When no nonlinearity is introduced, no rotation occurs

and no signal is expected to pass POL2. Finally, a compressor is

used to compensate the chirp introduced by the Kerr nonlinear-

ity and optical elements. Both polarization rotation and spectral

broadening happen in the MPC, via the optical Kerr effect. NER

suppresses the pre-/post-pulses present in the input pulse, but

the pre-/post-pulses that are generated after a large amount of

spectral broadening appear only after the compression step. The

nonlinear polarization rotation happens inside the MPC, and

interchanging the positions of POL2 and COMP will not pre-

vent the new unwanted peaks from appearing as both involve

only linear processes. We assume the MPC is operating near

zero dispersion, such that the spectrum is not made significantly

smoother by high dispersion [18,19].

In order to better understand the physics of NER, we set up

a simple analytical expression describing the process. Since the

NER process can be described fully in the temporal domain, it

can be written analytically, even at large B-integrals. Hence, it is

possible to easily predict the efficiency of the NER process and

the expected temporal contrast improvement. In contrast, model-

ing the output spectrum from a post-compression process, with

or without NER, requires discretization of the steps and knowl-

edge of the exact temporal pulse shape of the input. Therefore,

the pre- and post-pulses appearing after compression are more

difficult to predict. Modeling the whole process requires at least

two orthogonal components to represent the polarization of the

beam. We assume that POL1 is oriented in such a way that the

output is horizontally polarized, i.e., only Ex enters QWP1. The

effect of a QWP based on its angle φ can be written as a Jones

matrix:
[
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Meanwhile, the nonlinear phase shift due to the Kerr effect, ϕnl,

can be written as follows [21,22]:

E± = E± exp

(

1

3
iϕnl

(

A2
± + 2A2

∓
)

)

, (2)

wherein the circular components are related to the linear compo-

nents by E± =
1√
2

(

Ex ± iEy

)

. Note that A refers to the amplitude

and ϕ to the phase of the complex electric field envelope,

E± = A± exp(iϕ±). Using circular components is more conve-

nient since the physical process involves the angular rotation of

the electric fields. The difference in phase change for E+ and

E− results in a polarization ellipse rotation of θ, given by the

following [21]:

θ = −1

3
ϕnl sin(2φ). (3)

From Eqs. (1)–(3), one can derive an equation for the efficiency

of the NER process, η, as a function of ϕnl and the QWP angles

φ1 and φ2, where φ2 is defined as φ2 = 0 when QWP2 is oriented

perpendicular to QWP1 at φ1 = 0:

η(ϕnl(t), φ1, φ2) =
1

8

(

4 − 2 cos(2φ1 − 2φ2)

+ 2 cos(2φ1 + 2φ2) − cos(4φ2 + 2ϕnl sin(2φ1)/3)
− cos

(

4φ1 − 2ϕnl sin(2φ1)/3
)

− cos
(

2ϕnl sin(2φ1)/3
)

− cos(4φ1 − 4φ2 − 2ϕnl sin(2φ1)/3)
)

.

(4)

From Eq. (4), the transmission efficiency for a laser pulse

with time-dependent intensity I(t) is obtained by integrating
∫

I(t)η(t)dt/
∫

I(t)dt over the whole temporal range, if ϕnl varies

in time. The contrast enhancement at any given temporal point

can be calculated by η(ϕnl
peak

, φ1, φ2)/η(ϕnl
peak

/ν, φ1, φ2), where ν is

the initial contrast, measured as the intensity at that point divided

by the peak intensity, and ϕnl
peak

is the nonlinear phase shift at the

peak. Note that the polarizers are assumed to be perfect, and any

variation thereof would affect the contrast enhancement value.

In order to address the key challenge of temporal quality

degradation in post-compression, we carried out an exper-

iment using a laser system used for free-electron laser

(FEL) pump–probe experiments at the FLASH PG Beamline,

described by Seidel et al. in [14]. An input pulse with a dura-

tion of 1 ps at 1030 nm and 115 µJ energy is sent through

an MPC with three 1-mm fused silica plates separated by 30

mm and cavity mirrors that compensate for the material dis-

persion of these plates. The beam inside the MPC takes 31

round trips, before being coupled out toward a grating com-

pressor stage. The MPC in this laser system has a maximum

B-integral of about 30 rad. To evaluate efficiency, we used

motorized rotary mounts (Standa 8MPR16-1) for the QWPs,

which allow reproducible alignment of the wave plates. We

then scanned the combinations of angles as shown in Fig. 2,

in steps of 1◦. By the definition of φ2, QWP1 and QWP2

are perpendicular along the diagonal. Indeed, our analytical

expression accurately predicts the time-averaged measured effi-

ciency. Figure 2(b) was calculated assuming that the input is



Letter Vol. 49, No. 23 / 1 December 2024 / Optics Letters 6843

Fig. 2. NER efficiency as a function of the QWP angles, as (a) measured and (b) calculated. QWP1 and QWP2 are perpendicular along the

diagonal. The simulated contrast improvement, in log-scale, is shown in (c). See Visualization 1 for different ϕnl values.

Gaussian-shaped. As the input pulse is a perfect Gaussian shape,

without pre- and post-pulses, the contrast improvement shown

in Fig. 2(c) is simply calculated at an example point t= 2 ps

after the main pulse, which for a 1-ps FWHM pulse has an

initial contrast νinput = exp(−16 log(2)) ≈ 1.5 × 10−5. Along the

diagonal where the QWPs are orthogonal, the contrast improve-

ment νoutput/νinput is consistently high, with improvement values

consistently above five orders of magnitude. It is worth noting

that a small deviation from this diagonal could easily deteri-

orate the contrast by a few orders of magnitude. The contrast

improvement is of course limited too by the extinction ratio of

the polarizer used. This highlights the need for an accurate angle

placement, as it could also be the case that the wrong angles

could give higher throughput while severely losing potential

contrast improvement.

The simulation in Fig. 2 does not show the effects of the

pre- and post-pulses emerging in close proximity to the main

pulse upon compression. To visualize this effect, we simulate the

compression process using a 1D+ 1 model including self-phase

modulation and self-steepening, similar to what is described

in [23], applied individually for each of the circular compo-

nents. The spectral broadening process is highly dependent on

the initial pulse shape, and since we are only assuming a per-

fect Gaussian shape, significant differences from experimental

data are expected. The results, confined to the case where the

QWPs are orthogonal to get the best contrast enhancement, are

shown in Fig. 3, visualizing how both the temporal and spectral

shapes vary significantly at different QWP angles. The maxi-

mum efficiency, indicated by P1, is 70.0%. The behavior can be

understood by looking at what the output pulse is composed of

after POL2 analytically. After spectral broadening and nonlinear

rotation, the two components E± are recombined by QWP2. The

polarizer POL2 transmits only the vertical component, which

can be derived using Eqs. (1) and (2) as follows:

|Ey |2 =
1

2

[

A2
+
+ A2

− − 2A+A− cos(2φ + ϕ−−ϕ+)

× cos(2φ) + (A2
− − A2

+
) sin(2φ)

]

.

(5)

It can be seen that the output is mostly the sum of the two

components, along with some modulation terms depending on

the phase difference and QWP angle. Since the two compo-

nents experience a different amount of nonlinear phase shift (see

Eq. (2)), the two also experience a different amount of spectral

broadening, and adjusting this difference by changing the QWP

angle effectively “shapes” the output spectrum. The characteris-

tics of the spectra of the two components of the output spectrum

can be seen in the inset in Fig. 3(b). If coherently combined with

a suitable spectral broadening factor, the spectral modulation

Fig. 3. (a) Normalized efficiency, (b) spectra, and (c) tempo-

ral shape of the pulse after NER and post-compression, assuming

a perfect Gaussian input pulse and perfect compression (Fourier-

transform-limited pulse). The inset in (b) shows the broadened

spectra of the two circular components before QWP2, correspond-

ing to the blue spectrum (P2) after passing POL2. The legend in (c)

applies to the spectra in (b) as well. See Visualization 2 for different

QWP angles.

reduces and a smoother spectrum is obtained at the output (blue

line in Fig. 3(b)). The point P1 in Fig. 3 represents the QWP

angle at which the highest efficiency is obtained, corresponding

to the set point at which NER experiments are typically set up

[7,16]. Point P2 visualizes a second example angle in compari-

son. By adjusting the QWP angle, it is possible to get an output

pulse wherein the spectrum is shaped optimally, such that the

pre- and post-pulses of the compressed pulse get weaker, specif-

ically the strongest ones near the main pulse located at ±150

fs. This, however, comes with a drawback that the efficiency is

lower.

We then verify these temporal pulse characteristics in the

experiment, by measuring the temporal shapes of the com-

pressed pulses using second-harmonic FROG. The dynamic

range of the spectrometer used is 104, which is sufficient to

measure the pre-/post-pulses near the main pulse but not the

expected temporal contrast improvements at time scales much

longer than the pulse duration. Note that a standard third-order

cross-correlator would be difficult to use in this case due to

the low energy level, but the expected contrast improvement at

higher dynamic range and longer time scales have been con-

firmed already in [12,13]. The retrieved output spectrum shown

in Fig. 4(b) can be changed significantly by changing the QWP
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Fig. 4. (a) Normalized efficiency, (b) spectral intensity and

phase, and (c) temporal shape retrieved from FROG traces. (d)

FROG measurement at maximum efficiency point in P1 and (e)

at P2 and their corresponding retrieved traces in (f) and (g). See

Visualization 3 for different QWP angles.

angle, and this change can result in much improved tempo-

ral contrast of the compressed pulse. The compressed pulse

measured at the highest efficiency (P1) has the expected pre-

/post-pulses near the main pulse, as also observed in the work

of Pfaff et al., where a high compression factor of 22 was also

reached while using NER [13]. The highest efficiency obtained

in the experiment is 39%. The pulse duration varies from around

70 to 90 fs (compression factors of 11–14), but note that the

compressor was not optimized for each data point, although the

residual phase is low as can be seen in Fig. 4(b). As the QWP

angle is increased further, a much improved temporal contrast

is obtained while maintaining a very similar spectral broaden-

ing and temporal compression factor. The optimum set point is

clearly defined by a trade-off between contrast and efficiency,

and the choice depends greatly on the desired application.

In conclusion, we have shown how NER and post-

compression can be optimally combined, especially in the case

of very large compression factors where the generation of new

pre- and post-pulses is expected. We were able to analytically

describe and experimentally demonstrate advanced polarization

control in NER, enabling to get a compressed pulse with bet-

ter temporal contrast. However, optimal contrast is not reached

at the settings supporting the highest efficiency. The optimal

set point is then chosen as a balance between peak power and

temporal contrast and depends on the planned use of the laser

system. For example, at the FLASH PG Beamline where the

laser is used as pump for pump–probe experiments, the bet-

ter contrast is highly beneficial and the slight decrease in peak

power is not a problem. A stronger pre-pulse modifies the opti-

cal dynamics otherwise. Implementation of the discussed NER

pulse cleaning requires only wave plates and polarizers. There-

fore, the spectral shaping effect we observed provides an easier

alternative to enhanced frequency compression setups [18,19]

or pulse shaping techniques [24] for improving the compressed

pulse’s contrast.
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