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Abstract

We explore background-free options to detect mid-infrared (MIR) electric transients. The
MIR field and a near-infrared probe interact via sum- (SFG) and difference-frequency
generation (DFG) in an electro-optic crystal. An intuitive picture based on a phasor
representation and rigorous numerical calculations are used for analysis. It turns out that
separating photons generated either by SFG or DFG from the local oscillator via spectral
filtering leads to a signal purely proportional the MIR intensity envelope. Background-
free phase information may be extracted in a spectral window containing both SFG and
DFG components and blocking the local oscillator background based on its orthogonal
polarization. This variant leads to signal proportional to the square of the MIR field
amplitude. It is limited by the finite efficiency of polarization filtering. The Hilbert
transform as a conjugate variable to the electric field in the time domain turns out to
play a fundamental role for the context discussed in this paper.

Keywords THz detection - Electro-optic sampling - Background-free - Hilbert transform - Time-
domain quantum optics

1 Introduction

Recent progress of electro-optic sampling (EOS) in the terahertz (THz) and mid-infrared
(MIR) frequency ranges has opened up direct access to the vacuum fluctuations of the electric
field [1, 2], and routes towards quantum optics operating with subcycle resolution in the time
domain are currently being developed [3—5]. While cryogenic cooling is required in the THz

P4 Cornelius Beckh
cornelius.beckh @googlemail.com

Alfred Leitenstorfer
alfred.leitenstorfer @uni-konstanz.de

Department of Physics and Center for Applied Photonics, University of Konstanz,
D-78457 Konstanz, Germany

Konstanze©Online-Publikations-Syste(KOPS) & Springer
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1bb91jx7yq7¢ -


http://crossmark.crossref.org/dialog/?doi=10.1007/s10762-021-00789-4&domain=pdf
http://orcid.org/0000-0002-2958-7904
https://orcid.org/0000-0003-1479-3921
https://orcid.org/0000-0002-9847-257X
mailto:cornelius.beckh@googlemail.com

702 Journal of Infrared, Millimeter, and Terahertz Waves (2020) 42:701-714

range to freeze out thermal fluctuations of the field, the quantum limit is reached already at
room temperature in the MIR. Nevertheless, also the concepts for detecting electric field
amplitudes with few-femtosecond resolution [6, 7] include an element of homodyne amplifi-
cation where a new electric field generated by mixing with the longwave electric field is
generated with a polarization direction perpendicular to the near-infrared (NIR) probe [8]. An
ellipsometric analysis of the relative optical phase of this polarization state gives direct access
to either the electric field or its conjugate variable in the time domain, namely, the Hilbert
transform [9]. In these schemes, technical excess noise of the pulse train used for probing may
be suppressed by a balanced detector, but the shot noise of the flux of coherent NIR photons
remains as the limiting factor for quantum detection. In this contribution, we analyze potential
options for ultrafast detection of electric fields which are not suffering from this restriction.

As a theoretical model, we consider the frequency-domain description of electro-optic
sampling where the new field consists of photons created by difference- (DFG) and sum-
frequency generation (SFG) between the MIR transient and the NIR probe [8]. Any isolated
detection of the newly generated field avoids the shot-noise limitation by the probe.

In a first example, either SFG or DFG contributes to the signal. This option comes with the
advantage that the new field may be spectrally separated from the probe. Consequently,
spectral filtering is applicable and might allow direct characterization of the THz input by
detecting sidebands. In case of a narrowband probe, only spectral information about the THz
pulse may be gained [10]. Analyzing the temporal shape of the sideband by frequency-
resolved optical gating (FROG) [11] also gives access to the THz envelope. Note that any
phase information of the THz field cannot be extracted from those previous experiments
because the duration of the probe pulse lasts several nanoseconds, i.e., much longer as
compared to the oscillation cycle of the THz field.

In this work, the time resolution of sub-10-fs probe pulses allows us to study the temporal
evolution of the spectral sidebands. Interestingly, we are observing a signal proportional to the
intensity envelope of a MIR transient. The phase information vanishes which means that even
in the zero crossings of the MIR transient, DFG and SFG photons are generated with the same
amplitude as in the maxima of the electric field. The physics of this extreme case of a wave-
mixing process is studied where one of the interacting fields consists of a wave packet shorter
than the oscillation cycle of the other input. Note that the principles we describe are valid
irrespective of the frequencies under study. Consequently, the terms (multi-)THz and MIR are
used alternately to denote the radiation that is examined.

In the second case, DFG and SFG are allowed to interfere and contribute equally to the
signal. Here, contributions from the Hilbert transform of the field may be eliminated, and
information about the phase of the THz field is retrieved except for its sign. The fact that full
interference between SFG and DFG is possible only in the center of the probe spectrum
excludes the option of spectral filtering. Suppression of the background has to rely on
polarization filtering only. At high electric THz fields, a significant background might be
tolerable owing to the large nonlinear phase shifts [12, 13]. In this context, the carrier-envelope
phase can be reconstructed by analyzing the interference pattern in a FROG setup [14].
Alternatively, the third-order nonlinearity may be exploited to detect an interference of DFG
and SFG photons in a spectral window without background [15, 16]. The question remains
how far such concepts lead in characterizing extremely small THz amplitudes.

In this paper, we investigate the different options of background-free EOS, compare them
with the standard configuration exploiting ellipsometry and homodyning, and discuss their
potential for subcycle quantum electro-dynamics. Section 2 introduces the laser setup and the
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experimental implementations to detect a background-free EOS signal. In Section 3, an
intuitive picture based on a monochromatic THz input and a phasor representation of the
new fields illustrates the general features of the signal for both cases mentioned above. In
Section 4, we study the full time evolution with numerical simulations based on the frequency-
domain description by Gallot and Grischkowsky [8]. Finally, experimental results on
background-free EOS are presented and discussed in Section 5. Section 6 summarizes the
results and their consequences for time-domain quantum optics.

2 Experimental Setup

All measurements are based on a femtosecond erbium:fiber front end operating at a
repetition rate of 40 MHz. It provides three amplified pulse trains, as depicted by black
horizontal lines in Fig. 1. In the first branch, an electro-optic modulator (EOM) reduces
the repetition rate to 10 MHz before a highly nonlinear fiber (HNF) shifts the center
wavelength to 1.03 um (corresponding to a frequency of 291 THz) and seeds a high-
power ytterbium fiber amplifier (Yb:amp). HNF assemblies generate ultrabroadband
spectra which support pulses with durations shorter than 10 fs in the second and third
branch. The first sub-10-fs pulse serves as a seed for an optical parametric amplifier
(OPA) that is pumped with the second harmonic of the output of the Yb:fiber amplifier.
The OPA provides up to 200 nJ pulse energy with pulse durations of 8.3 fs [17, 18]. In
this work, only 20 nJ is employed for optical rectification (OR) because of the damage
threshold of the generation crystal (GX). A 16-pum-thick gallium selenide (GaSe) crystal
emits broadband MIR transients with frequency components up to 70 THz. A 500-um-
thick germanium wafer inserted under Brewster’s angle spatiotemporally superimposes
the multi-THz radiation with the second sub-10-fs pulse serving as a probe. The
repetition rate of the probe pulse is reduced to 20 MHz with another EOM to twice
the rate of the MIR pulse train. Its pulse duration is 7.7 fs, and the spectrum is centered
at a frequency of 280 THz. The probe pulse energy of 250 pJ is small compared to the
pump. The linear extinction ratio of the probe polarization is better than 107 after
reflection at the germanium wafer. The multi-THz transient and the NIR probe pulse
are focused into a 12.2-pum-thick GaSe electro-optic crystal (EOX) with an off-axis
parabolic mirror. The relative timing is controlled by a variable optical delay line
(VD). To allow optimal spectral separation of up- or down-converted photons, the
spectrum of the probe is shaped either by edge filters (EF) before the Ge wafer or with
razor blades located in front of the end mirror of a prism sequence. The compressor stage
also compensates for the additional dispersion introduced by the edge filters. An increase
of the pulse duration from 7.7 fs up to a maximum of 10.5 fs is monitored by frequency-
resolved optical gating (FROG).

After collimation with an achromatic lens, the probe pulse can enter into two different
detection setups A or B (see Fig. 1). In setup A, the electric field amplitude and phase of the
MIR pulse may be determined by analyzing the change of ellipticity of the probe polarization.
This standard way of EOS exploits a quarter-wave plate (QWP), a Wollaston prism (WP), and
a balanced photodetector (BPD). In setup B, the original probe pulse is suppressed by spectral
band pass (BP) filters and a linear polarizer (Pol.).

The polarization states of the electric fields and the filtering sequence in detection scheme B
are illustrated in the inset of Fig. 1. The probe field E, and the field of the multi-THz transient
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Fig. 1 Sketch of the experimental setup. The femtosecond laser source and THz generation are depicted on top,
followed either by detection scheme A or B in the lower right corner. The polarization directions of the input field
Ery,. the probe field E,, and the newly generated field E? are indicated with respect to unit vectors ¢, and e, in the
lower left box, together with the optical components following along propagation direction ¢y for the case of
detection scheme B. HNF, highly nonlinear fiber; Yb:amp, Yb-doped fiber amplifier; OPA, optical parametric
amplifier; VD, variable delay stage; OR, optical rectification; GX, generation crystal; Ge, germanium filter and
beam combiner; EF, edge filter; EOX, electro-optic crystal; BP, bandpass filter; Pol., linear polarizer; (A)PD,
(avalanche) photodiode; QWP, quarter-wave plate; WP, Wollaston prism; BPD, balanced photodetector

Ery, are linearly polarized but perpendicular to each other, pointing in the direction of e, and
e, respectively. The newly generated field E@ is linearly polarized along e and thus
perpendicular to the original probe, enabling separation by a polarizer. The photons of E@
are detected either with a silicon avalanche photodiode (Si APD) for frequencies above 300
THz (corresponding to a wavelength of 1 pm) or an indium gallium arsenide photodiode
(InGaAs PD) at lower frequencies, respectively. For both detection schemes A and B, a radio-
frequency lock-in amplifier demodulates the electric signal at the repetition rate of the multi-
THz pulse train of 10 MHz.

3 Phasor Representation

In this section, we derive the expected signals for both detection schemes based on an intuitive
phasor picture [9]. The nonlinear mixing process in the EOX between a NIR probe pulse and a
monochromatic MIR pulse is described by DFG and SFG. All fields are regarded as spectral
amplitudes only. The inset of Fig. 1 defines their polarization properties and vector character-
istics. New field components Egrg and Epgg are generated mixing the multi-THz field Ery,
and the probe field E; of angular frequency €2 and w, = w + €, respectively. w is the
frequency at which sum- and difference-frequency components are created:
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Esrg(w, tD)«iX(Z)ETHZ(Q)Ep(w,Q)e—iszzD )

EDFG(w7 tD)“iX(Z)E;HZ(Q)Ep (w + Q)eiQtD (2)

Here, x@ denotes the relevant element of the nonlinear susceptibility tensor and #p, the relative
time delay between the input fields. The new polarization state of the MIR field emerges as the
sum of the broadband probe E, (w + (2) and the new field E?(w) = Eggg + Eppg pointing
along e, and e, respectively. All complex-valued factors in Egs. (1) and (2) contribute to the
phase. In this ideal scenario x®), Ety, and E, are real valued. Hence at zero delay time #p =0,
only the complex unit / adds to the relative phase between E;, and Ery, with a factor of 7/2. An
elliptical polarization of the total NIR field results. The polarization state changes when the
delay time fp is varied. In the standard case of electro-optic sampling, the ellipticity is analyzed
and enables a direct determination of the electric field Ery,, Recently, it was demonstrated that
the Hilbert transform of the electric field can be determined if either DFG or SFG is exploited
exclusively and the linear rotation angle of the NIR polarization is measured with a half-wave
plate (HWP) instead of studying ellipticity with a QWP [9].

We now expand the phasor description based on Egs. (1) and (2) to investigate the behavior
of background-free signals where no homodyning with the original NIR field occurs. The
situation is sketched in Fig. 2a where the relevant fields are represented by phasors in the
complex plane for both detection schemes A and B. The probe field £, is defined to point
constantly along the real axis fR. At #p = 0, the generated fields Epgg and Eggg are parallel to
the imaginary axis J because of their 71/2 relative phase shift with respect to the original probe.
Owing to the delay-dependent phase factor in Egs. (1) and (2) which is provided by the THz
field at frequency €2 (black dashed arrows in Fig. 2a), Egpg rotates clockwise and Epgg rotates
counterclockwise as fp increases. The new fields are illustrated with blue arrows for a fixed
delay time #, # 0. The differential photocurrent AI/I resulting from the balanced detector of
scheme A and the absolute current output I of a single photodiode in scheme B are plotted
versus #p in Fig. 2 b and c, respectively. We start with detection scheme A, representing the
standard ellipsometry scheme for EOS. Here, the QWP projects Eprg + Esgg to the imaginary
axis J, as indicated by the black arrows in Fig. 2. The differential photocurrent AI/l measured
by subtracting the two output ports of the WP is proportional to this projection. Consequently,
the total output signal Sowp represents the electric field amplitude Ery,(#p), as exemplified by
the black graph in Fig. 2b.

In detection scheme B, the original probe field is suppressed and no homodyning occurs. In
contrast to scheme A, this fact renders the phase relationship to the original probe field E;, irrelevant.
Therefore, only the relative phase between Epgg and Esgg is to be considered. Two limiting cases
may be distinguished: in the first case, Eprg and Esgg add up to a purely positive signal at the
detector, as indicated by the green bar in Fig. 2a. Consequently, the measured photocurrent I is
proportional to the square of the sum of both field vectors. This scenario may be implemented by
detecting a band of frequencies in the center of the probe spectrum. Because the polarizations of
Eprg and Egrg are perpendicular to £, the latter may be suppressed by the linear polarizer. Because
of the opposite rotation of Epgg and Eggg, constructive and destructive interference occurs with
varying time delays. Consequently, the resulting signal S, is proportional to the square of the
MIR field, as sketched by the green graph in Fig. 2¢. Note that phase information concerning Ery, is
recovered in this way, although a local oscillator in form of the original probe is absent.
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Fig. 2 (a) Phasor representation of electro-optic sampling in a complex plane. Eggg and Epgg are depicted as blue
phasors at tp # 0. The dotted black arrows illustrate the rotation direction of the new fields. The projection of the
new fields to the imaginary axis J is indicated by the black arrows. The blue-dotted phasor is inserted to illustrate
the vector addition of the new fields. The absolute value of the result is indicated with a green bar. The red circle
illustrates the constant absolute value of one of the fields, Esgg or Epgg, respectively. (b) Differential signal Al/I
versus time delay detected with scheme A. Signal Sqwp presents the length of the black arrows and is
proportional to Ety,. (¢) Absolute current I of detection scheme B as a function of time delay. The green graph
Scenter 1llustrates the square of the green bar and the red signal S the square of the length of one single phasor
Esrg or Eprg

E’I'Il/‘z B

In the second case, either Eprg or Egrg is contributing to the signal exclusively. Experimen-
tally, this goal may be implemented by detecting only photons on the high- or low-frequency sides
of the probe spectrum, respectively. In this way, the suppression of any background due to £, may
be enhanced by an additional spectral filter which will turn out to be crucial for the experimental
performance in Section 5. Owing to the absence of interference between Eppg and FEgpg, the
output of this scheme becomes independent of #p, as illustrated with the red circle in the complex
plane of Fig. 2a. From this simple consideration, we expect that the phase information vanishes
completely in this scheme. This finding is somewhat surprising because in a static model of the
electro-optic effect (“Pockels picture”), no signal should be generated at delay times where no
electric field is applied to the EOX. Based on the frequency-domain picture of EOS and our
phasor representation, an intuitive understanding of this context emerges from the fact that both
conjugate variables, namely, the electric field Ety, and its Hilbert transform $ty,, contribute
equally to Epgg and Egpg and the signals are distinguished solely by their phase relationship with
respect to £,. Consequently, we expect the total photocurrent I to be proportional to the intensity
envelope of the MIR field which is defined as |Ery, + i$1,/2. Therefore, the electric field and its
conjugate variable remain indistinguishable.

4 Numerical Calculations
In the quasi-monochromatic phasor picture discussed in the previous section, two limiting
cases were found where a background-free signal can either be proportional to the square or to

the intensity envelope of the electric input field. In this section, a realistic scenario with
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broadband spectra is treated by a simulation of the intensity of the newly generated field |E@)]2
= |Epgg + Espg?. From the frequency-resolved numerical data, we can directly extract signals
which are accessible with the background-free detection scheme B. In Fig. 3a, the calculated
intensity |E@]? of the new field is color-coded versus the frequency of the probe spectrum on
the ordinate and the delay time 7, on the abscissa, respectively. For the simulation, the spectral
shape of the input electric fields Ery, and E;, are chosen close to the experiment, but any phase
dispersion is neglected. The MIR field is adopted as a Gaussian centered around a frequency of
35 THz with a full width at half maximum (FWHM) of 16.65 THz. The normalized intensity
of the probe spectrum centered at 280 THz is superimposed to the left part of the color map
(white graph with shading in Fig. 3a). It has a flat-top shape with inclined edges and exhibits a
FWHM of 130 THz.

In Fig. 3b, the square |Ety,/> and the intensity envelope |Ety,+i$1i,/? of the multi-THz
input field are plotted as a function of time delay #p as a solid and a dashed black line,
respectively. In addition, the newly generated NIR field intensities |[E@)? integrated over three
spectral windows of a bandwidth of 10 THz and centered at 210 THz, 280 THz, and 350 THz
are depicted as magenta, green, and cyan graphs, respectively. These frequency intervals are
also indicated in Fig. 3a with the same color coding.

The band pass (BP) filter at 280 THz (green) is located in the center of the probe spectrum.
The photons detected in this frequency band are generated equally by DFG and SFG. Note that
the frequency distance between both boundaries of this filter interval and the upper and lower

Fig. 3 (a) Simulation of the ) ) |[E@J2 norm.
intensity of the newly generated norm. intensity 0O 02 04 06 08 1
field |[E®R = |Epgg + Esrgl? color- 0051
coded versus probe frequency and ‘
time delay. The normalized inten-
sity spectrum of the probe pulse is
plotted at left (white line with
shading). The transmission ranges
of three band pass (BP) filters are
marked in magenta, green, and
cyan. (b) The square |Ety,/? of the
THz input field and its intensity
envelope |Ery, + i91y,/* are plot-
ted versus time delay as dashed
and solid black lines, respectively.
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edge of the probe spectrum is as large as 60 THz, respectively. In this way, it is ensured that by
far the dominant part of the frequency content of the THz input is able to generate both SFG
and DFG falling into this frequency window. Therefore, the resulting signal (green graph in
Fig. 3b) almost perfectly follows the square of the multi-THz transient |Ety,)* (dashed black
line).

For the second case, we consider the bandpass filters located close to the higher- (cyan) and
lower-frequency (magenta) edges of the probe spectrum. This filter selection determines that
also mixing products |[E@? generated via SFG or DFG with the lower THz input frequencies
may be detected, respectively. On the other side, the relatively narrow bandwidth of both filters
in combination with the flat-top character of the probe ensures that MIR frequencies up to 130
THz may be detected with equal sensitivity. As expected from the qualitative argumentation in
Section 3, both the signal emerging due to DFG around 210 THz (magenta graph in Fig. 3b)
and due to SFG around 350 THz (cyan dashed line) are closely following the intensity
envelope of the THz input (full black line).

5 Experiments

We now discuss experiments investigating the second case where either DFG or SFG photons
are detected with scheme B (see Figs. 1 and 2). First, an edge filter (EF) with a cut-off
frequency of 230 THz is located before the detection crystal (EOX) to create a steep edge on
the lower-frequency side of the probe spectrum. The normalized spectral intensity of the probe
pulse is depicted as a green graph in Fig. 4a. A band pass (BP) filter centered at 222 THz
defines a detection window with a bandwidth of 8 THz (red graph). A gap between the
detection window and probe spectrum smaller than 10 THz results. The linear polarizer
additionally suppresses any non-interacting probe photons leaking into the detection window.
The black graph with gray shading in Fig. 4a represents the intensity spectrum of the EOS
transient Ery, recorded with detection scheme A (black graph in Fig. 4b). The two black
arrows illustrate examples of multi-THz frequencies falling into the detection window after
DFG of probe frequencies with low- and high-frequency components of the MIR spectrum,
respectively. The field envelope of the THz transient as calculated by |Ety, + i$Ty,] is depicted
in magenta. The photons within the detection window are recorded with an InGaAs photodi-
ode (InGaAs PD). The resulting background-free signal is plotted in red as normalized current
versus the time delay in Fig. 4c. The signal shows no modulation referring to MIR frequencies
and thus proves the predictions of the previous sections that any phase information of the
sampled field vanishes. In Fig. 4c, we now compare this signal with the intensity envelope
|ETHy, + 197H,|? Of the EOS (dark green graph). The maxima of both time traces coincide in
time, and their FWHM is quite similar with 25.8 fs for the intensity envelope and 28.5 fs for
the background-free signal, respectively. These facts indicate that all frequencies of the
nonlinear mixing products of the probe pulse and MIR transient are equally represented in
the narrow detection window.

In a second measurement, the setup is configured to detect sum-frequency photons beyond
the sharp high edge of the probe spectrum which has been shaped by the razor blade in the
prism sequence (Fig. 5). The detection window is defined by a BP at 340 THz with a
bandwidth of 28 THz. In Fig. 5a, the resulting probe spectrum and the frequency band of
the BP are depicted as normalized intensity and transmission in green and blue, respectively.
Compared to the first setting, a larger gap is implemented between detection window and
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probe spectrum to investigate its influence on the MIR bandwidth detected in branch B. The
black arrow illustrates the fact that the probe photons have to mix with MIR frequencies via
SFG at least as high as 30 THz to reach the detection window. The multi-THz transient Ery, is
analyzed with the modified probe spectrum by EOS and plotted in black as a function of time
delay in Fig. 5b. Again, the calculated field envelope is depicted in magenta. In Fig. 5c, the
resulting intensity envelope of the multi-THz transient |Ety, + i$Th,/? is plotted in dark green
together with the normalized photocurrent detected by a Si-APD in branch B (blue graph). As
for the DFG process, a modulation-free signal also results in this case, and the temporal
positions of the maxima of both signals are located at the same time delay. This time, however,
the background signal is significantly broadened. This fact results directly from the increased
spectral gap between the probe frequencies and the detection window. In this configuration,
the new photons generated by SFG with MIR frequencies below 30 THz cannot contribute to
the background-free signal. Thus, the detectable bandwidth of the MIR spectrum is limited to
higher frequency components, and we observe a wave packet which is stretched in time.

We now discuss an option for background-free detection where some information on
the phase of the THz input field is to be recovered. As discussed in Section 4, the detection
window then has to be located in the center of probe spectrum where DFG and SFG
contribute equally. Therefore, we measure with a BP centered at 272 THz. In this case,
clean polarization states become even more important because the suppression of the
probe relies on the linear polarizer only. In our setup, the purity of the polarization is
strongly influenced by the tight focus into the EOX and subsequent recollimation. The
extinction ratio decreases to 1:103 from the original ratio of 1:10¢ determined before the
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Fig. 5 Background-free detection wavelength (um)
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focusing off-axis paraboloid. Therefore, the original probe photons cannot be suppressed
completely and an offset remains. The signal induced by mixing with the MIR pulse train
is extracted by modulating it with half the repetition rate of the pulse train and detection
with a lock-in amplifier. The resulting signal is plotted in green in Fig. 6a. The negative
parts of this transient emerge from destructive interference between the newly generated
NIR photons and the spurious background due to the imperfect polarization filtering of the
probe which is subtracted by the lock-in. For comparison, a second ordinate on the right
shows the absolute value of the photocurrent including the background which exhibits
purely positive values. The square of the THz transient |Ety,|> shown in black is calculated
from the EOS trace. Pronounced differences in amplitude and phase between the measured
(green) and the expected (black) results are evident. The measured signal is neither
proportional to the multi-THz transient itself nor to its square. This finding originates
from the leaking probe photons which partly interfere with the mixed contributions of the
SFG and DFG components. This result may be understood by a projection of the field
amplitudes to a polarizer with slightly misaligned transmission axis. By adding up the
contributions of £, and E® in analogy to the calculations in Ref. [9], one finds terms
which are linear and quadratic in Ety,.

To explain this result in an intuitive way, we consider the conventional picture which is
based on the nonlinear phase shift induced by Ery, in the EOX [19, 20]. This limit represents a
good approximation in the present scenario where DFG and SFG are equally contributing to
the signal. The photocurrent / resulting for a linear polarizer in direction ¢ is plotted as a
function of the nonlinear phase shift I' in Fig. 6b where
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Fig. 6 (a) Detection of sum- and difference-frequency photons in the center of probe spectrum with a BP at 272
THz. A normalized current output from detection scheme B is plotted in green versus time delay. The right
ordinate shows the absolute voltage of the measurement including the offset due to leaking probe photons. The
black graph represents the square of the results obtained with scheme A for the same input signal. (b) Normalized
photocurrent calculated theoretically for a polarizer in direction e and no spectral filtering applied as a function of
the nonlinear phase shift I' which is proportional to the MIR transient Ery,. The ideal setpoint for this
configuration is indicated by the vertical dotted line. A linear regime is reached by optical biasing with a
quarter-wave plate in the standard configuration of EOS, as indicated with the dashed vertical line. In a realistic
experiment, a background signal emerges due to the finite leakage of the probe electric field which is nominally
polarized along the e, direction. Such a situation is indicated by the dash-dotted vertical line

I1,(T) = I,sin*(T). (3)

I, is the intensity of the original probe parallel to the direction of e,. The phase shift I' = Ty +
I'ry, consists of two parts. A static offset I'y and an induced nonlinear phase shift I'ryy, which
is proportional to the change of the refractive index An emerging from the quasi-static electric
field Ety, via the Pockels effect:

wAnl_wmmSl
- 2¢

Ira, =

Ery, (4)

with the center frequency of the probe w, the electro-optic coefficient r4;, the linear refractive
index 7y, and the thickness of the EOX /.

First, we discuss the standard situation for electro-optic sampling. Here, a QWP adds an
optical bias of 'y = 0.257t. This biasing point is indicated with a vertical dashed line in Fig. 6b.
For small phase shifts I'ry,, the signal [ varies linearly with the multi-THz field amplitude Ery;,.
In contrast, the signal I is proportional to |Ety,/? for 'y = 0 (dotted vertical line in Fig. 6b). The
dash-dotted line indicates a realistic setpoint with a small background signal creating a finite
offset I'y > 0. In this picture, it is straightforward to see that the ratio of the offset I'y compared to
the induced nonlinear phase-shift I'ry, is the decisive factor for detecting a signal which is either
linear in Eqyy, or proportional to |Ety,/%: when T'ryy, is large owing to a strong THz field and
thick EOX [11], the static offset 'y becomes negligible and a signal reflecting |Fry,|* results.
Instead, we expect a change of /; which is proportional to Ey, as long as I'ty, << T'y. The green
data set in Fig. 6a obviously represents a transitional situation between both scenarios.
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This situation near the so-called zero transition point is related to detection schemes
presented in several works [12, 21-23]. Here, an increase in the signal-to-noise ratio is
achieved by boosting the number of probe photons in the EOX while maintaining constant
optical power on the balanced photodetector. This fact avoids saturation effects in the
photodiodes. The shot noise of the probe remains as the limiting factor for the sensitivity,
however.

6 Summary

Motivated by pushing the sensitivity limits for time-domain sampling of electric field
amplitudes at infrared and optical frequencies, we have explored options which are not
limited by the shot noise introduced due to homodyning with the subcycle readout pulses.
Circumventing this limitation originating from the quantum nature of the gate pulses will
enable more thorough examination of the subcycle quantum properties of the MIR pulses
themselves. A first scheme relies on detection of photons generated by either sum- or
difference-frequency mixing in a spectral range outside the bandwidth of the ultrashort
probe. Here, the surprising insight is represented by the fact that interaction of the terahertz
input field or its Hilbert transform result in exactly the same mixing efficiency with the
subcycle probe. In this extreme limit of nonlinear optics, the phase modulation due to the
temporal gradient present in zero crossings of the terahertz field obviously generates the
same output amplitude as the phase shift due to the electro-optic effect in the field extrema.
This statement holds independently of the carrier frequency of the input, further
underlining the role of the Hilbert transform as a conjugate variable to the electric field
in the time domain. The only difference occurs in the phase of the mixing product which is
accessible only with some kind of interference effect. In the absence of the latter, only
amplitude information is recovered, and all phase information is lost. This behavior is
changed when allowing for interference between components generated by sum- and
difference-frequency mixing. In this case, the background due to original probe photons
may still be suppressed by polarization filtering, and a signal proportional to the square of
the electric input field is expected. Nevertheless, it turns out that any spurious leakage of
the probe field still leads to a signal component linear in the input field which is limited by
shot noise. This component gains importance especially when working with low input
field amplitudes which are expected in any time-domain quantum technology.
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