
Research Article Vol. 11, No. 2 / February 2024 / Optica 1

Quartz as an accurate high-field low-cost THz
helicity detector
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Emerging concepts employing angular momentum of THz light for ultrafast material control rely on the measurement of
undistorted intense THz fields and on the precise knowledge about sophisticated THz helicity states. Here, we establish
z-cut α-quartz as a precise electro-optic THz detector for full amplitude, phase, and polarization measurement of highly
intense THz fields, all at a fraction of costs of conventional THz detectors. We experimentally determine its detector
response function, in excellent agreement with our modeling. Thereupon, we develop a swift and reliable protocol to pre-
cisely measure arbitrary THz polarization and helicity states. This two-dimensional electro-optic sampling in α-quartz
fosters rapid and cost-efficient THz time-domain ellipsometry and enables the characterization of polarization-tailored
fields for driving chiral or other helicity-sensitive quasi-particles and topologies. ©2024Optica PublishingGroup under the

terms of theOpticaOpen Access Publishing Agreement
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1. INTRODUCTION21

THz sources with peak field strengths in the ∼1 MV/cm regime22
based on optical rectification in LiNbO3 [1] and organic crystals23
[2,3], difference frequency generation [4], large-area spintronic24
emitters [5], and large-scale accelerator facilities [6] are becoming25
more widely accessible. This development has enabled the selective26
drive of low-energy excitations such as phonons [7,8], magnons27
[9], or other quasi-particles, thereby allowing for ultrafast control28
over material properties and nonequilibrium material design29
toward light-induced superconductivity [10], ferroelectricity30
[11], ferromagnetism [12], and spin-dynamics [9,13]. However,31
despite large improvements in THz generation, the detection of32
intense single-cycle THz fields without distortions has remained33
challenging [14,15].34

Field-resolved THz detection provides precise frequency reso-35
lution of the amplitude and phase of the light field. This feature is36
crucial for, e.g., THz time-domain spectroscopy (THz-TDS) [16],37
THz emission spectroscopy [15], and state-of-the-art experiments38
involving THz high-harmonic generation in topological insulators39
[17], graphene [18], or superconducting cuprates [19]. Moreover,40
emerging field-driven effects, e.g., for ultrafast control of topo-41
logical [20] or chiral [21–23] material properties, are inherently42
sensitive to the carrier-envelope phase (CEP) and polarization43
(incl. helicity) of the driving THz pulse. Full vectorial THz-field44
characterization is required for the precise detection of arbitrary45
THz polarization states. This information also constitutes the46
basis for THz time-domain ellipsometry, which allows for the47
characterization of tensorial dielectric properties in opaque [24],48

anisotropic materials [25], and transient metamaterials [26], where 49
traditional THz-TDS faces limitations. Another application is 50
THz circular-dichroism spectroscopy, which has been applied 51
in chiral nanostructures and molecular assemblies [27], thermo- 52
electric solids [28], or bio-relevant systems such as DNA [29] and 53
living cancer cells [30]. However, partly due to the difficulty of 54
precise polarization-resolved THz detection, THz time-domain 55
ellipsometry and circular-dichroism spectroscopy have not been 56
widely adopted yet. 57

The common technique to detect phase-stable THz fields is 58
electro-optic sampling (EOS) [31]. Here, the incident THz pulse 59
induces a change in birefringence proportional to the THz electric 60
field in a nonlinear crystal like ZnTe [32] or GaP [33], which can 61
be stroboscopically sampled by a visible (VIS) or near-infrared 62
(NIR) sampling pulse as a function of time delay t . However, the 63
measured instantaneous signal S(t) is, in general, not simply pro- 64
portional to the instantaneous field E (t). Within linear response 65
theory and in frequency space, a response function h connects 66
S and E at THz frequencies �/2π via S(�)= h(�)E (�) and 67
captures the frequency dependence of the nonlinear susceptibility 68
χ (2), which can be strongly modulated by phonons [31], and non- 69
local effects, such as phase mismatch between THz- and sampling 70
pulse [34,35]. 71

For (110)-oriented zincblende-type electro-optic crystals such 72
as ZnTe (110), resolving the polarization state of THz pulses typ- 73
ically requires rotation of the detector crystal and sampling pulse 74
polarization [36]. Unfortunately, such measurements can be easily 75
polluted by inhomogeneities of the detector crystal, birefringence 76
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effects, or inaccurate rotation axes. On the other hand, (111)-77
oriented zincblende crystals enable polarization state retrieval78
by simply modulating the sampling pulse polarization by using,79
e.g., a photoelastic modulator [37] or employing a dual-detection80
scheme based on two balanced detections [38]. Nonetheless, the81
specific detector requirements and additional experimental effort82
have limited the application of polarization-resolved EOS so far.83

Extending these concepts to highly intense THz fields poses84
extra challenges, since they can lead to distorted signals in con-85
ventional EOS crystals, such as ZnTe or GaP, which include86
over-rotation [14] or higher-order nonlinearities such as the THz87
Kerr effect [39,40] (see Supplement 1, Fig. S4). This aspect means88
that the amplitude and phase of intense THz fields cannot be89
reliably extracted within the linear response. Likewise, attenuating90
the THz fields by using, e.g., wiregrid polarizers or filters such as91
silicon wafers [1], might induce additional spectral distortions [41]92
and Fabry–Perot resonances.93

Here, we focus on z-cut α-quartz, which is a widely used sub-94
strate material for THz-TDS due to its high THz transparency95
[16] and in-plane optical isotropy. It recently attracted attention96
as a promising nonlinear THz material [42], i.e., as a broadband97
THz emitter via optical rectification [43] or as a THz detector via98
EOS [44]. Its large bandgap and optical transparency allow for99
a broad dynamic range and high damage threshold. Moreover,100
α-quartz is widely available at 2 orders of magnitude lower cost101
than typical EOS crystals. However, there are significant draw-102
backs that prevented the reliable use of quartz for THz detection103
so far. In particular, the response function h has been unknown,104
and its peculiar thickness dependence lead to the open question105
regarding bulk versus surfaceχ (2) contributions [44]. Additionally,106
the polarization-sensitivity has remained mostly unexplored.107

In this work, we experimentally measure the quartz response108
function and model it predominantly based on known literature109
values. We show that arbitrary THz polarization states can be110
measured by a simple and time-efficient method utilizing only111
two EOS measurements with different sampling pulse polariza-112
tions. The latter is achieved by a simple rotation of a half-wave113
plate (HWP) in the VIS spectral range. As a textbook example114
for time-domain ellipsometry, we determine the birefringence of115
y-cut quartz as commonly used for commercial THz wave plates.116
We find that the transmitted single-cycle pulses exhibit complex117
polarization states in the highly polychromatic regime [45], which118
cannot be described by a single polarization ellipse, Jones vector, or119
set of Stokes parameters. Our study establishes z-cut α-quartz as a120
reference detector for amplitude, phase, and arbitrary polarization121
states of THz fields exceeding 100 kV/cm, fostering cost-efficient122
high-field THz time-domain ellipsometry and tailoring helical123
THz driving fields for ultrafast material control.124

2. EXPERIMENTAL SETUP125

Intense single-cycle THz fields [1.3 THz center frequency,126
1.5 THz full width at half-maximum (FWHM)] with peak127
fields exceeding 1 MV/cm are generated by tilted-pulse-front128
optical rectification in LiNbO3 [1]. The THz field strengths or129
its linear polarization angle ψ relative to the vertical direction in130
the lab frame are altered using a THz polarizer pair, P1 and P2131
in Fig. 1(a). The THz field-induced birefringence in the EOS132
crystal is probed by synchronized VIS sampling pulses (800 nm133
center wavelength, ∼20 fs duration) using a balanced detection134
scheme. The sampling pulse’s incident linear polarization can be135

set to arbitrary angles θ by a broadband VIS HWP. We measure 136
EOS in a ZnTe (110) crystal (10 µm thickness) and various z-cut 137
α-quartz plates with thicknesses of 35, 50, 70, and 150 µm as 138
a function of sampling pulse polarization θ , THz polarization 139
ψ , and the crystal’s azimuthal angle φ at normal incidence (see 140
Fig. 1(a) and Supplement 1, Section 1 for more information). 141
Finally, we also trace the THz field after collimated transmission 142
through highly birefringent y-cut α-quartz (700 µm thickness), 143
which corresponds to a commercial quarter-wave plate (QWP) at 144
∼2.2 THz. 145

3. RESULTS 146

A. Electro-Optic Response Function 147

We first confirm the linear response function relation. Figure 1(b) 148
shows the measured THz-induced birefringence signals S(t)/Smax 149
in 50 µm quartz for different THz peak fields. The induced 150
birefringence scales linearly with the THz electric field strength 151
[see inset of Fig. 1(b)], confirming a linear electro-optic effect 152
as recently observed by Balos et al. [44]. The normalized time- 153
and frequency-domain shapes [see Figs. 1(b) and 1(c)] do not 154
change substantially for different THz fluences, ruling out over- 155
rotation effects and demonstrating only small spectral deviations 156
(e.g., <1.5 THz). Recently unveiled higher-order nonlineari- 157
ties [42] amount to maximum 1% for THz fields of the order of 158
1 MV/cm (see Supplement 1, Section 8). This finding confirms 159
that quartz can reliably sample THz electric fields ≥100 kV/cm 160
within the linear-response regime (see Supplement 1, Fig. S4 for 161
comparison with ZnTe). 162

To experimentally extract the linear response function of 50µm 163
quartz, we compare the quartz EOS signal SQ with the signal SZnTe 164
from 10 µm ZnTe, whose response function hZnTe is known [34] 165
[see Fig. 2(a)]. To avoid nonlinear distortions, the THz power for 166
ZnTe was attenuated by the THz polarizer pair by a factor of∼40. 167
We Fourier transform these traces and extract the quartz response 168
using hQ = hZnTe(SQ/SZnTe) in the frequency domain. The ampli- 169
tude and phase of hQ are shown as blue dots in Figs. 2(b) and 2(d), 170
respectively, demonstrating that the quartz response covers the 171
full 0.1–4 THz bandwidth of the LiNbO3 source without gaps. 172
However, it contains a substantial frequency dependence in the 173
form of modulations with a frequency spacing of∼1.4 THz as well 174
as an enhancement at low frequencies <0.9 THz and at around 175
3.9 THz. 176

B. Modeling 177

To understand the experimental response function hQ,exp(�) of 178
50 µm quartz, we model the response hcalc as function of THz 179
frequency� by extending the formalism of Ref. [34] and use 180

h(�)= χ (2)eff (�)tF(�)
∫
ω>�

dω
ω2

c 2k(ω)
Ts(ω, �)E ∗s (ω)

× E s(ω−�)G(ω, �), (1)

where hcalc(�)= [h(�)+ h∗(−�)]/(I1 + I2) and I1 + I2 = 181∫
dω Ts(ω, �= 0)E ∗s (ω)E s(ω). Here, E s is the incident 182

sampling pulse with optical frequency ω/2π and wavenumber 183
k(ω)= n(ω)ω/c , where n(ω) is the corresponding refractive 184
index. Ts(ω, �) accounts for the sampling pulse transmission
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Fig. 1. Electro-optic sampling in quartz and its THz fluence dependence. (a) Experimental setup: THz pulses are generated via optical rectification (OR)
in LiNbO3. The THz pulse induces a refractive index change in quartz, leading the sampling pulse to acquire ellipticity. This ellipticity is read out as signal
S(t) as a function of time delay t in a balanced detection scheme. S is related to the incident THz field ETHz via the complex detector response function hQ.
(b) EOS in quartz (z-cut, 50 µm thickness) for different THz fluences, normalized to the t = 0 peak EOS values. Inset: linear dependence of peak S(t) on
peak ETHz. (c) S(�) amplitude spectrum via Fourier transform of EOS signals S(t) in (b) normalized to spectral peak amplitude.
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Fig. 2. Experimentally measured and calculated detector response. (a) Normalized EOS signal S(t) in quartz (50µm thickness) and ZnTe (10µm thick-
ness). (b), (d) Complex quartz response function hQ for 50 µm is experimentally extracted using known ZnTe response and hQ = (SZnTe hZnTe)/SQ (blue)
and modeled using Eq. (1) (red) in amplitude and phase. (c), (e) Modeled χ (2), transmitted field coefficient tF, and phase-matching factor G in amplitude
and phase, showing how these factors contribute to the quartz response function.

Ts(ω, �)= t∗12(ω)t
∗
21(ω)t12(ω−�)t21(ω−�), where t12(ω)185

and t21(ω) are the Fresnel transmission coefficients for propagating186

from air into quartz and quartz into air, respectively. χ (2)eff (�)=187

χ
(2)
eff (ωc, �) is the effective nonlinear susceptibility of the detec-188

tion crystal under the assumption that χ
(2)
eff (ω−�,�)≈189

χ
(2)
eff (ωc, �), whereωc is the sampling-pulse center frequency. The190

field transmission coefficient tF(�) accounts for the transmitted 191

THz field including its multiple reflections (see Supplement 1, 192

Section 2 for more information). The phase-matching factor, 193

G(ω, �)= [exp(i1k(ω, �)d)− 1]/i1k(ω, �), between THz 194

and sampling pulse includes 1k(ω, �)= k(ω−�)+ k(�)− 195

k(ω) and the sample thickness d . 196
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To calculate hQ, we use the known quartz refractive indices in197
the THz [16] and optical regions [46]. However, the nonlinear198
susceptibilityχ (2)(�) is not known and we therefore model it by199

χ
(2)
eff (�)= χ

(2)
e

[
1+ B

(
1− i�τD

)−1
+C

(
1−

�2

�2
TO

−
i�0
�2

TO

)−1
]
,

(2)
where χ (2)e is the pure electronic susceptibility. The last term cor-200
responds to the ionic contribution with ωTO being the frequency,201
and 0 being the damping of the respective transverse-optical202
(TO) phonon, while the Faust–Henry coefficient C defines the203
ratio between the lattice-induced and electronic contributions204
[31,47]. We take the phonon parameters �TO/(2π)= 3.9 THz205
and0/(2π)= 0.09 THz from Davies et al.[16] and find C = 0.15206
to provide good agreement with our experimental values [see207
red curves in Figs. 2(b) and 2(d)]. We assume that the striking208
low-frequency enhancement of hQ(�) [see Fig. 2(b)] arises from209
χ (2) and model it by a phenomenological Debye-type relaxation210
contribution B with characteristic time scale τD [second term211
in Eq. (2)]. Choosing B = 0.7 and τD = 0.5 ps provides nearly212
perfect agreement with the 0.1–0.9 THz range in hQ,exp. We will213
discuss possible physical origins of such a contribution below.214
Thus, by analytic modeling, we find dominating contributions215
by the phase-matching factor G , the field transmission coeffient216
tF, and the nonlinear susceptibility χ (2), disentangled in Figs. 2(c)217
and 2(e).218

We apply the response function to calculate the exact THz elec-219
tric field (red) from the quantitative EOS signal in 50 µm quartz220
(blue) in Figs. 3(a) and 3(b) in the time and frequency domains,221
respectively. To determine the absolute field strength, we use the222
measured THz pulse energy and focal size (see Supplement 1,223
Section 3). We obtain a peak field strength of 1.04 MV/cm. We can224
therefore estimate the effective electro-optic coefficient reff, which225
equals the r11 tensor component, of z-cut quartz to be 0.1 pm/V226
(see Supplement 1, Section 4). This value agrees well with previ-227
ous reports of r11 at optical frequencies ranging between 0.1 and228
0.3 pm/V in z-cut quartz [48,49].229

C. Thickness Dependence and Origin of Nonlinearity 230

The response function also depends on the crystal thickness, which 231
typically presents a trade-off between sensitivity and bandwidth. 232
Figure 3(c) shows the measured dependence of the maximum EOS 233
signal on the quartz crystal thickness between 35 and 150 µm 234
(blue dots), which clearly deviates from an ideal phase-matched 235
behavior, i.e., a linear scaling with the crystal thickness. We also 236
observe a noticeable thickness dependence of the time-domain 237
EOS shapes in Fig. 3(d), even clearer in the spectral bandwidth 238
in Fig. 3(e). Figure 3(f ) displays the calculated response function 239
for each thickness in amplitude (red) and phase (gray), which 240
explains the measured features. For instance, the effective band- 241
width is significantly lower for 150µm quartz due to the zero in the 242
phase-matching factor G(�, ω), while the thickness-dependent 243
frequency spacing of the modulations generally arise from Fabry– 244
Perot fringes in the field transmission coefficient tF(�). The 245
calculated response function, thus, also explains the experimentally 246
observed EOS thickness dependence in Fig. 3(c) (red line), mainly 247
by the phase mismatch G(�, ω) of THz and sampling pulse. 248

The first report of EOS in quartz suggested a strong surface 249
χ (2) contribution [44]. Indeed, the surface and bulk χ (2) have 250
a similar order of magnitude [50]. As the surface contribution 251
originates from a depth of∼1 nm (Ref. [50]), its contribution will 252
be small in comparison to the bulk contribution for a quartz crystal 253
with a thickness >10 µm. The response functions presented here 254
[Figs. 2(b), 2(d), and 3(f )] strongly indicate a pure bulk χ (2) effect 255
and provide a reasonable estimate of r11, both sufficient to explain 256
the experimental observations. 257

We suggest the low-frequency (0.1–0.9 THz) enhancement in 258
χ (2) to be caused by disorder. In fact, the frequency region 0.1– 259
1.2 THz of fused silica and other glasses is often associated with the 260
so-called Boson-peak behavior corresponding to low-frequency 261
vibrational modes [51,52]. Its nature and origin remain debated, 262
but it is known to affect the Raman, neutron, and linear dielectric 263
responses of quartz and related glasses [51–53]. Our finding, thus, 264
motivates further research into the nonlinear susceptibility in the 265
sub-0.9 THz region. In addition, there is considerable variability 266
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of the reported values for the 3.9 THz phonon damping parameter267
0/2π between 0.09 THz (Ref. [16]) and 0.39 THz (Ref. [53]).268
While we found that the measured quartz responses are homo-269
geneous across the individual samples, the variation of literature270
values indicates that the χ (2) model parameters could be highly271
sensitive to the overall sample quality.272

D. Polarization-Resolved EOS273

So far, we have treated both hQ and ETHz as scalars and only274
considered the specific case in which the THz-pulse and sampling-275
pulse polarizations are parallel and the quartz azimuthal angle276
is optimized for maximum S(t), i.e., oriented parallel to one of277
the in-plane crystalline axes. However, the THz electric field is278
a vectorial observable and can have an arbitrary (and thus even279
helical) polarization state and hQ is generally dependent on the280
azimuthal angle φ and sampling pulse polarization θ . We can281
assume the same frequency-dependence of the allowed χ (2) tensor282
elements and any corresponding linear combination of them,283
because of the in-plane symmetry of the 3.9 THz phonon. Since284
the other quantities in Eq. (1), such as tF or G , refer to linear optical285
properties, they are also in-plane isotropic in z-cut quartz. We can,286
therefore, assume the same frequency evolution of the response287
function for allφ and θ , but the absolute sensitivity will be rescaled288
by the global symmetry of χ (2)e (φ, θ), which ultimately allows for289
polarization-sensitive THz EOS.290

To explore the sensitivity of 50µm quartz to different THz field291
polarization components, Fig. 4(a) shows the measured peak EOS292
signal S (blue dots) as a function of quartz azimuthal angle φ for293
three different probe polarizations θ = 0◦, 45◦, 90◦ with respect294
to the THz field (ψ = 0◦, linearly polarized along the y axis). For295
each probe polarization, rebalancing of the detection wave plates296
is required, which can be simply automated by using motorized297
rotation stages. Each azimuthal dependence S(φ) exhibits a perfect298
three-fold symmetry in agreement with the first reported quartz299
EOS [44]. We therefore calculate the expected dependence of300
S(ψ, θ) for a THz field ETHz linearly polarized at an arbitrary301
angle ψ , and sampling field Es linearly polarized at angle θ in the302
x–y plane [see Fig. 1(a)]. We use the second-order nonlinear polari-303

zation P (2)
i = ε0χ

(2)
ijk E THz

j E s
k , which we can rewrite using the304

nonlinear susceptibility tensor in contracted notation dil with only305

nonzero d11 and d14 terms due to quartz’s D3 point group, evalu- 306
ated for the z-cut plane [54] (see Supplement 1, Section 5). The 307
blue line in Fig. 4(a) shows the expected sensitivity for a vertically 308
polarized THz field E THz

y (i.e.,ψ = 0◦), in perfect agreement with 309
the measured azimuthal dependence. The expected peak signal for 310
a horizontally polarized THz field E THz

x (i.e.,ψ = 90◦), shown as a 311
red line, features the same three-fold symmetry but shifted by 30◦. 312
These opposite EOS sensitivities for the x- and y-projections of the 313
THz field allow for a full THz polarization determination by sim- 314
ply measuring EOS for two different sampling pulse polarizations, 315
e.g., θ = 0◦ for obtaining E THz

y and θ = 45◦ for obtaining E THz
x at 316

azimuthφ = 0 [see square markers in Fig. 4(a)]. 317
To prove this concept, we rotate the linear polarization of the 318

THz pulse by setting polarizer P1 to 45◦ and scanning P2 by angle 319
ψ . Next, we measure S(t) for sampling pulse polarization θ = 0◦ 320
(S0) and 45◦ (S45) for a set of THz polarizer anglesψ . Figure 4(b) 321
shows that arctan(S45/S0) is identical to the THz polarizer angle 322
ψ and, thus, precisely measures the THz polarization by only two 323
EOS measurements at different sampling pulse polarizations. After 324
applying the calculated response function hQ to S0 and S45, the 325
full vectorial THz field ETHz(t) can be extracted as shown in the 326
2D-EOS traces for selected ψ between 0◦ and 90◦ in Fig. 4(c). 327
We note that the perfect three-fold symmetry is not found in the 328
common ZnTe (110) or GaP (110) EOS crystals, where this con- 329
venient procedure cannot be used and the crystal has to be rotated 330
instead [38]. 331

E. Broadband THz Helicity Measurement 332

For driving chiral or, generally, helicity-dependent excita- 333
tions, e.g., for ultrafast control of phonon angular momentum 334
[22,23,55] or topology modulation [20], CEP-stable table-top 335
THz sources are beneficial due to their inherent synchronization 336
with sub-cycle probing pulses. Nevertheless, to reach the required 337
peak fields, the energy has to be squeezed into few- or single-cycle 338
pulses at low repetition rates. With the general lack of broadband 339
THz wave plates, this leads to complicated polarization states when 340
aiming for THz pulses with specific helicities. In contrast to con- 341
ventional multi-cycle optical light, helical few- or single-cycle THz 342
pulses are highly polychromatic and, generally, cannot be described 343
by a single polarization state, i.e., neither by a pair of ellipticity 344
angles (ϑ , η) nor by one fixed Jones or Stokes vector [45]. Instead, 345
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the polarization state must be generally described as an evolution in346
frequency space or, equivalently, by the full temporal trajectory of347
the light’s electric field vector ETHz(t).348

To demonstrate the complete detection of arbitrary polari-349
zation states in quartz, in particular for complicated helical350
fields, we characterize the polarization state of single-cycle THz351
pulses after passing through a birefringent y-cut quartz plate (see352
Supplement 1, Fig. S3), which is nearly identical to commercially353
available THz wave plates. Figure 5(a) shows the transmitted elec-354
tric field of a collimated THz beam (ψ = 45◦) through 0.7 mm355
crystalline y-cut quartz for three different crystal orientations,356
which is detected in 50 µm z-cut quartz. The transmitted THz357
polarizations for 0◦ and 90◦ orientations appear highly ellip-358
tical, which is when the incident THz pulse polarization is at359
45◦ to the in-plane crystal axes and therefore experiences maxi-360
mum birefringence. This form of time-domain ellipsometry361
permits the direct measurement of the birefringence 1n(�)362
using arg(E THz

x )− arg(E THz
y )=1n�d/c , as shown in Fig. 5(b).363

We find an approximately constant 1n(�) of about 0.05 at 364
0.4–3.5 THz, in good agreement with literature values [53,56]. 365

As seen from Fig. 5(a), the transmitted THz polarization is nei- 366
ther a simple polarization ellipse nor purely left- or right-handed 367
circularly polarized. Its sophisticated electric-field trajectory can 368
be described by a frequency-dependent rotation ϑ(�) and ellip- 369
ticity η(�) [see inset in Fig. 5(a)], or any other ellipsometric set 370
of parameters as a function of frequency. Figures 5(c)–5(e) show 371
ϑ(�) and η(�) for 0◦, 45◦, and 90◦ orientations of the y-cut 372
quartz plate, respectively. For 0◦ and 90◦ orientations [see Figs. 5(c) 373
and 5(e)], the THz pulse acquires a maximum of frequency- 374
dependent ellipticity1n�d/c . Since1n(�) is roughly constant, 375
the transmitted THz pulses for 0◦ and 90◦ orientations are, respec- 376
tively, perfectly right- and left-handed circularly polarized only 377
at frequency c/(41nd)≈ 2.37 THz and 1.96 THz, where η 378
reaches −45◦ and 45◦. In other words, the y-cut quartz plate acts 379
as a THz QWP for only a very narrow frequency range and leads 380
to drastically different polarization states for all other frequency 381
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components within the THz pulse [see top row of Figs. 5(c) and382
5(e)]. In contrast, the incident THz pulse acquires a small elliptic-383
ity for the 45◦ orientation [see Fig. 5(d)] only at higher frequencies,384
which are more sensitive to a small1n.385

Usually, broadband QWPs create opposite helicities for ±45◦386
rotation. This behavior is evidently not the case here, as the two387
E(t) trajectories in Fig. 5(f ) are not perfectly opposite. Figures 5(g)388
and 5(h) depict the full frequency-dependent right-handed (ERCP)389
and left-handed (ELCP) circularly polarized intensity components390
for the 0◦ (red) and 90◦ (blue) orientations, normalized for every391
frequency component [see Fig. 5(g), and Supplement 1, Section 6]392
and as absolute intensity spectra [see Fig. 5(h)]. Figure 5(g) high-393
lights that the helicity changes quite drastically across the single394
THz pulse spectrum and that a circular polarization is achieved395
at slightly different frequencies for opposite QWP angles (0◦396
versus 90◦), in agreement with the ellipticity parameters η(�) in397
Figs. 5(c) and 5(e). This difference cannot be explained by the opti-398
cal activity of the z-cut quartz detector, since optical activity only399
affects the measurement of the polarization ellipse rotation ϑ(�)400
but not ellipticity η(�), and is negligible for 50 µm thin quartz401
plates [57]. However, the difference can be related to a slightly402
tilted axis of rotation with respect to the quartz plate’s y axis or403
imperfect linear polarization of the THz field entering the y-cut404
plate. These aspects highlight the challenges of helicity-dependent405
measurements in the THz spectral range.406

4. DISCUSSION407

We now discuss the detector performance of α-quartz in more408
detail. The found electro-optic coefficient r11 of 0.1 pm/V is409
about an order of magnitude smaller than r41 = 4 pm/V of410
ZnTe [32] and 1.6 pm/V of GaP [33], thereby moving non-411
linear EOS responses to much higher THz field amplitudes in412
quartz (see high-field EOS in ZnTe in Supplement 1, Fig. S4),413
while maintaining sensitivity for fields down to a few kV/cm (see414
Supplement 1, Section 9). Since we find a pure bulk χ (2) effect,415
the phase-matching term G governs the trade-off between detec-416
tion sensitivity and bandwidth. The effective detector bandwidth417
is, thus, limited by the first zero in G [Fig. 3(f )], giving a cut-418

off frequency νcutoff = c/[(nTHz − n(g)s )d ] = 1/(GVM · d).419
The group-velocity mismatch (GVM) in quartz is about420
1.8 ps/mm (assuming nTHz(1 THz)= 2.09 and group index421

n(g)s (800 nm)= 1.55), which is only slightly larger than in ZnTe422
(1.1 ps/mm) [32] and GaP (1.2 ps/mm) [33]. A full comparison423
of reff and GVM between quartz and the widely used EOS crystals424
ZnTe and GaP is shown in Supplement 1, Section 7. Therefore, to425
sample the whole THz spectrum of typical high-field THz sources426
based on LiNbO3 (∼0.1− 4 THz), the quartz thickness should427
not exceed 130 µm. Sampling of higher THz frequencies poses428
limitations due to substantial dispersion of the linear THz refrac-429
tive index and nonlinear susceptibility χ (2) due to the 3.9, 8, 12,430
and 13.5 THz TO phonons of quartz [58]. This fact is especially431
relevant for more broadband high-field sources such as large-area432
spintronic emitters [5,44] and organic crystals [2,3].433

The polarization sensitivity of EOS in quartz generally permits434
time-domain ellipsometry, allows for the direct measurement of435
complex and even nonequilibrium [26] tensorial material prop-436
erties in anisotropic media [24,25] and optical activity of chiral437
phonons [27,28,59], as well as THz circular-dichroism spec-438
troscopy [28,29], or decoding high-harmonic THz emission of439

complex quantum materials. The ability to detect intense THz 440
fields in amplitude and phase without distortions is well suited 441
for any ultrafast spectroscopy based on strong THz-field exci- 442
tation [15], e.g., for understanding nonlinear THz polarization 443
responses [40] or driving phase transitions [10–12,20], where an 444
accurate characterization of the driving field is crucial. Moreover, 445
the demonstrated precise helicity characterization of intense THz 446
driving fields is urgently needed for the emerging field of chiral 447
(or circular) phononics. In this field, lattice modes are driven on 448
chiral or circular trajectories with phonon angular momentum 449
[55] leading to magnetization switching [60], transient multifer- 450
roicity [23], large magnetic fields [22], or other yet unexplored 451
spin–lattice-coupled phenomena. These first explorations in 452
the uncharted territory of phonon-angular-momentum control 453
highlight the challenges for THz helicity differential detection, 454
i.e., extracting signals proportional to S(ERCP)− S(ELCP), which 455
must be employed to isolate helicity-dependent effects. Using 456
quartz as a reliable high-field THz helicity detector will help to 457
clarify and support these novel types of measurements and will 458
foster further studies of chiral or helicity-selective phenomena in 459
the THz spectral region. 460

As the demonstrated 2D-EOS protocol only relies on a single 461
HWP rotation, it enables a rapid measurement and, therefore, 462
keeps the phase error from temporal drifts between adjacent EOS 463
scans minimal. Accordingly, the scheme is also easy to imple- 464
ment in commercial time-domain spectrometer systems as it only 465
relies on the addition of low-cost and widely available thin quartz 466
wafers and standard HWPs in the VIS or NIR spectral range. As 467
another benefit, quartz is well suited for measuring THz fields 468
and their polarization states in systems, where space constraints 469
often prohibit the use of motorized rotation mounts for the detec- 470
tion crystal, in particular in cryostats at cryogenic temperatures. 471
Supplement 1, Fig. S5 shows quartz EOS at 80 K, demonstrating 472
that the THz field can still be reliably sampled at low temperatures, 473
although the response function is modified due to the enhanced 474
phonon contribution to χ (2) [16]. Conveniently, our work may 475
also allow for all-optical synchronization of THz pump and optical 476
probe pulses via THz slicing [61] or in situ field and polarization 477
characterization in already installed z-cut quartz windows at 478
free-electron-laser facilities, where even a noncollinear THz- and 479
sampling-beam geometry is feasible (see Supplement 1, Fig. S2). 480

5. CONCLUSION 481

In conclusion, z-cut α-quartz can reliably sample intense THz 482
fields of the order of 1 MV/cm without over-rotation and with 483
negligible higher-order nonlinearities. We measured and mod- 484
eled the frequency-dependent electro-optic response function, 485
consistent with a pure bulk χ (2) effect dominated by Fabry–Perot 486
resonances, phonon modulations in the Faust–Henry formal- 487
ism, phase-matching effects, and a low-frequency Debye-like 488
contribution. We determined the electro-optic coefficient to the 489
order of 0.1 pm/V and proved a perfect three-fold symmetry of the 490
electro-optic response. Based on this knowledge, we developed an 491
easily implementable protocol to measure the full vectorial THz 492
polarization state by simply toggling between 0◦ and 45◦ sampling 493
pulse polarizations. With this approach, we establish quartz as 494
a powerful detector for full amplitude, phase, and polarization 495
state of highly intense THz radiation at a fraction of the cost of 496
conventional detection crystals. This work will accordingly foster 497
rapid and cost-efficient high-field THz spectroscopy [7,8,15,17], 498
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THz time-domain ellipsometry [25], THz circular-dichroism499
spectroscopy [28,29], and will enable broadband THz helicity500
characterization of polarization-tailored pulses for driving angular-501
momentum phonons [27,28,59] or other helicity-dependent502
excitations [20–23] in the future.503
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