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ABSTRACT
We demonstrate a free-space terahertz (THz) optical system inside a dry dilution refrigerator that allows us to direct polarized THz radiation
from a quantum cascade laser (QCL) to a sample held at a base temperature of 28 mK. The sample temperature increases to 47 mK for an
average applied 2.6 THz QCL power of 27 μW at a 10% duty cycle, as determined by calibrated thermometry. We also demonstrate that
polarization is maintained using a polarization-sensitive bowtie-antenna-patterned photo-electric tunable step device and, additionally, that
the polarization can be adjusted using a set of quartz waveplates in a filter wheel. With this work we introduce the ability to measure materials
under polarized THz radiation at previously unreachable millikelvin temperatures.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0250844

I. INTRODUCTION

Terahertz (THz) radiation has a photon energy commensurate
with the intrinsic energy scales of many condensed matter systems
of contemporary interest, including topological insulators, antifer-
romagnets, and two-dimensional electron gases.1–5 It is often the
case that the quantum properties of these systems either emerge or
become readily observable only at very low temperatures (below 300
mK, for example). A significant difficulty in integrating THz sources
directly into the sample space of sub-300 mK cryostats is the limited
cooling power available there (typically less than 1 mW below 300
mK), which is incompatible with the heat generated by many THz
sources [including quantum cascade lasers (QCLs)], which can be as
large as 10 W.

Our previous work developed a system to couple THz radia-
tion from a QCL into the <300 mK sample space environment of
a dilution refrigerator by mounting the QCL on a higher temper-
ature stage and using copper hollow metal waveguides (HMWG)

with appropriate thermal decoupling linkages to direct its output
to the sample space.6 We achieved a base temperature of 114 mK
before illumination and 160 mK during sample illumination from a
THz QCL using this scheme. While the system we introduced met
its aims, one drawback was the highly multimode/light pipe sys-
tem of the HMWG employed, which did not preserve polarization
(or, therefore, allow for its systematic control). Being able to define
and control the incident polarization would significantly enhance
the utility of low temperature THz excitation schemes and expand
their potential applications.

While polarization maintaining single-mode waveguides are
available,7–10 they suffer from being bulky, rigid, difficult to align,
and having higher loss (than our multimode HMWG). In addition,
since some are constructed from dielectric materials, they may be
incompatible with cryogenic temperature operation owing to either
outgassing in the refrigerator’s vacuum environment or cracking on
repeat thermal cycling. Here, we demonstrate an alternative scheme
for THz excitation by a QCL within a dilution refrigerator making
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use of free-space THz optics within the refrigerator and show how
polarization of the resulting illumination can be adjusted alongside
maintaining low temperature operation.

A. QCL source and polarization control
We employ a THz QCL with a bound-to-continuum active

region using a single metal waveguide design for optical confine-
ment, operating at a center frequency of 2.6 THz, as determined
by FTIR spectrometry with a spectral range of 2.5–2.75 THz21 (see
the supplementary material). The QCL was mounted on a copper
heat sink on the pulse tube first stage (PT1) of the (Oxford Instru-
ments Triton) dry dilution refrigerator [Fig. 1(a)]. This stage is held
at 48 K with 40 W of cooling power available. This is sufficient cool-
ing power that the refrigerator’s basic operation is unaffected by the
additional heat dissipation by the QCL, which was limited to an aver-
age of ∼2 W by employing pulse mode operation (0.441 ms duration
current pulses at a duty cycle of 10% at a frequency of 227 Hz).

Integrating the QCL inside the dilution refrigerator eliminates
the need for a second cryostat and the associated logistical challenges

FIG. 1. (a) Free-space optical path extends from the THz QCL on the PT1 stage
to the sample, which is held on the mixing chamber (MC) stage. The divergent
THz beam from the QCL is collimated by a lens (1). The double lens assembly
shields the lower stages from thermal radiation, along with 2 HDPE inserts on
the PT2 stage and still stage (2). Finally, the THz is received by the sample lens,
focusing the THz onto the device (3). Three layers of thermal radiation shielding
are shown, colored according to their appropriate stage. See the supplementary
material for photographs of each component. (b) The filter wheel contains several
quarter waveplates and a half waveplate, as well as one empty slot and another
fully blocked, as indicated. The filter wheel is rotated by a stepper motor. The
relative orientations of the QCL polarization (out of the page) and bowtie antenna
(left to right) are depicted as orthogonal.

associated with operating two cryostats, including the issue of pass-
ing THz from one to another without adding excessive heat loads
to either from ambient heat or high losses from windows into the
vacuum chamber.

The QCL emits a diverging THz beam that was collimated close
to its emission facet using a ZEONEX (E48R) 12 mm diameter lens
with a focal length of 9 mm. Quarter waveplates (QWPs) designed
for the QCL frequency (2.6 THz) were made from x-cut quartz, with
a diameter of 8 mm and a thickness of 0.652 mm. These were used
to obtain circularly polarized light in either handedness from the
predominantly linearly polarized QCL output.11 Two QWPs were
also stacked together to form a half waveplate (HWP). The wave-
plates were mounted in a six-position filter wheel through which
the collimated THz beam passed. The QCL emits mainly linear
TM-polarized THz radiation with the electric field perpendicular
to the plane of the semiconductor layers [Fig. 1(b)]; by rotating a
wire grid polarizer in front of the THz QCL in a separate experi-
ment, we verified a linear polarization excitation ratio in orthogonal
directions (the QCL growth direction and along the ridge width)
of 1:21.8 ± 0.6.

The six filter wheel positions shown in Fig. 1(b) contain the fol-
lowing optical elements: (1) a “Quartz Ref.” position containing a
QWP with its fast axis aligned with the QCL polarization axis; this
should not induce a change in THz polarization with respect to the
QCL output but instead act as a reference for other positions; (2)
a “half waveplate” position containing a quartz HWP that rotates
the polarization by 90○; (3) “Left handed” and (4) “Right handed”
positions containing quartz QWPs designed to produce left-handed
and right-handed circular polarizations, respectively; (5) a “blocked”
position covered by metal foil; and (6) an “open” position allow-
ing the THz beam to pass through unimpeded. The filter wheel
was rotated by a stepper motor compatible with both vacuum and
low-temperatures.12

B. Thermal management
There are three nested layers of thermal radiation shields

attached to and cooled by the pulse tube first stage (PT1), pulse
tube second stage (PT2), and still stage. Each shield blocks thermal
radiation from the shield surrounding it so that blackbody back-
ground radiation is progressively removed at lower positions within
the refrigerator. We can approximate the thermal power leaking
through any gap in the thermal shields using the Stefan–Boltzmann
law. For a given temperature difference (Thot, Tcold) and hole size
(area A), the power (P) is given by P = σεA(T4

hot − T4
cold); here, the

emissivity (ε) can be assumed to be 1, and σ is the Stefan–Boltzmann
constant. Therefore, to minimize heat leaks into colder stages, as
small a hole as possible should be formed between stages while still
allowing the passage of the THz beam, noting that by far the greatest
heating effect arises from heat leaking from the hottest stages.

We chose to employ a pair of lenses to focus the THz beam
through a 5 mm diameter hole in the PT2 radiation shield and then
collimate it on the far side. A copper foil shield was placed around
the upper lens to help shield the hole from stray thermal radia-
tion. For the still stage, a High Density Polyethylene (HDPE) filter
was found to be sufficient since the power of <4 K blackbody radi-
ation has minimal effect on sample heating. This method satisfies
two major constraints for the successful integration of free-space
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optics by simultaneously minimizing heat leakage while allowing
optical access with a reasonably wide THz beam. The lenses used
were 25 mm in diameter with a 17.5 mm focal length and made
from ZEONEX E48R polymer. We note that the refractive index
for ZEONEX E48R is very similar at optical and THz frequencies
(1.515 and 1.530, respectively13). Importantly, this also permitted
initial alignment at room temperature using visible light.

ZEONEX E48R is effective at blocking thermal IR radiation; we
estimate a 2-mm-thick piece of ZEONEX blocks 85% of 290 K black-
body radiation while transmitting 75% of radiation at our 2.6 THz
QCL frequency.14,15 To provide additional blocking of IR radiation,
we used 2 mm thick HDPE inserts as filters; we estimate that these
also block ∼85% of the IR blackbody radiation while transmitting
80% of the THz radiation.16 Two HDPE inserts were placed in posi-
tions expected to be most effective at blocking thermal radiation,
one in front of the lens pair assembly and the other on the PT2
stage [Fig. 1(a)].

C. Sample holder
Our sample holder consists of a copper mount supporting a

focusing lens and an LCC20 socket allowing electrical connection
to the sample, which was mounted in a standard LCC20 chip car-
rier. The focusing lens was another E48R ZEONEX lens (12 mm
diameter, 9 mm focal length) used to focus THz radiation from the
collimated THz beam onto the chip surface. The test device used
here was a photo-electric tuneable-step (PETS) THz detector with an
integrated bowtie antenna.4 In these devices, a potential step is cre-
ated within the plane of a 2D electron system by biasing two gates
with a nanoscale gap between them. Upon exposure to terahertz
radiation, the field confined between the gates gives rise to a pho-
tocurrent due to the in-plane photoelectric effect. A bowtie antenna
is used to increase coupling to the far-field THz radiation. The
antenna is most sensitive to electric fields along its long axis. As such,
we expect a “figure-8” response as a function of polarization angle
for incoming linearly polarized THz radiation. The bowtie should be
equally sensitive to left- and right-handed circularly polarized THz
radiation.

II. BENCHTOP MEASUREMENTS OF SUBASSEMBLIES
Alignment of the complete optical THz beam path was achieved

by starting with alignment of each subassembly separately on an
optical benchtop, allowing us to optimize alignment and character-
ize component performance simultaneously (Fig. 2) before integra-
tion with the dilution refrigerator. A small 50 K cryocooler was used
to cool the THz QCL during benchtop alignment since it allowed
fast alignment and adjustments. The space between subassemblies
should predominantly be a collimated THz beam along a straight
vertical axis from the QCL source on the PT1 stage through to the
sample on the mixing chamber stage and, as such, subassemblies
were optimized to either emit (via a QCL + collimating lens) or
maintain (via a lens pair) the collimated THz beam.

A. Collimating the QCL emission
Starting with the THz QCL (without the stepper motor or fil-

ter wheel), the collimating lens and QCL were carefully positioned

FIG. 2. Benchtop method for aligning subassemblies and characterizing the losses
of each component. The QCL and collimated lens are placed inside a 50 K cry-
ocooler with HDPE windows. The THz beam was then detected using a parabolic
mirror and pyrometer. Between these is the “Test Area,” a cross section used for
measuring the QCL beam profile and characterizing of the other subassemblies.

such that the THz radiation diverging from the QCL facet was colli-
mated by the ZEONEX lens. Initial alignment was performed using
white light and by moving the QCL until the emitting ridge was
in focus.

The QCL with collimating lens was then loaded into a 50 K
cryocooler to simulate conditions inside the dilution refrigerator at
the PT1 stage it would be mounted to later. Using this setup, the
THz beam width was measured using a pyrometer on a translation
stage (Fig. 2). The THz beam profile was deliberately optimized to
have a slight divergence to mitigate against slight pointing errors.
In addition, the beam diameter for this THz beam profile provided
a better match to the lens diameter of the lens pair [Fig. 1(a.2)],
though at the cost of a slightly lower transmitted power since some
of the outer perimeter beam profile was cut off. The final beam diver-
gence from the QCL collimating lens was measured to be 7.2○, with a
FWHM beam diameter of 20.5 mm at a distance of 210 mm from the
QCL, which is the approximate distance (190 mm) and lens diameter
(25 mm) of the lens pair subassembly, respectively.

B. Lens pair subassembly and HDPE filters
Using the slightly divergent beam and an off-axis parabolic mir-

ror to focus the THz beam onto a pyrometer, the lens pair assembly
was iteratively optimized by changing the lens spacing to adjust
power transmission (Fig. 2), resulting in an optimized alignment
at room temperature with a THz transmission of ∼20%. Most of
the loss was attributed to absorption within the two thick ZEONEX
E48R polymer lenses. The THz transmission efficiency of the HDPE
filter in front of the lens pair assembly was then measured to be 74%.

Upon cooling to cryogenic temperatures, the distance between
the pair of ZEONEX lenses was estimated to shrink by 0.13 mm as
the brass metal contracts,17 which results in slight but unavoidable
deviation from optimal alignment. Using a thin lens approximation,
we calculate that the added beam divergence to be only around 0.31○,
which is much smaller than the beam divergence after the QCL
collimation lens mentioned earlier. As such, we do not expect ther-
mal contraction in this location to impact alignment significantly or
result in substantial additional power loss.
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C. Sample lens
The final optical component was a lens placed immedi-

ately above the PETS device on the Mixing Chamber (MC) stage
[Fig. 1(a.3)]. This collects the THz radiation and focuses it onto
the center of the PETS device. The alignment of this lens was per-
formed at room temperature, using the magnified image of the
device viewed from the lens position. In these measurements the
PETS device was placed slightly closer than the focal length of the
lens in order to increase the spot size, thus ensuring that its sensitive
detection region was fully illuminated. As such, there was a deliber-
ate trade-off of slightly lower power density for greater certainty of
THz detection.

D. Final installation of subassemblies
and global alignment

Finally, after each subassembly was individually aligned, each
component was placed inside the dilution refrigerator, and a “global”
alignment was then undertaken of the subassemblies relative to each
other. The horizontal plates that make up each stage of the fridge
were known to be reasonably parallel, with only minor corrections
needed. Thin metal shims inserted under the edges of the subassem-
blies were used to tilt the subassemblies to remove residual optics
misalignment as needed.

By placing an orange LED in the sample holder, any residual
alignment errors could be assessed. The LED illuminated the THz
optical path “backward” from the sample position so that once the
light was seen to reach the QCL ridge, the complete path could be
seen to be aligned. Typically, we found that the lens pair assem-
bly was the only component that needed minor shimming to align
the optical path at this stage, after which the HDPE filters could be
installed. Since these filters are flat and only 2 mm thick, we found
that they did not significantly deflect the THz beam.

III. EVALUATING SYSTEM PERFORMANCE
With all components installed in the dilution refrigerator, the

MC stage reached a base temperature of 27 mK. By compari-
son, the same system achieved 114 mK in our previous work with
THz HMWGs installed;6 our efforts here thus demonstrate a sig-
nificant reduction in residual thermal loading compared to that
arrangement.

Next, we verified how much THz power was reaching the sam-
ple position on the MC stage. We calibrated the MC thermometer
with a known thermal loading (via the Joule heating of a resistor) to
determine the absorbed THz power. Figure 3 shows the calibrated
thermometer response as a function of QCL drive current, together
with the estimated THz power absorbed at the MC stage. The max-
imum average power absorbed at the MC stage was 27.4 μW for a
1600 mA QCL drive current with a 10% duty cycle, with the MC
stage then maintaining a temperature of ∼47 mK. The maximum
power received at the MC closely matches that of our benchtop QCL
characterization.

We next found the optimal bias voltage for THz detection in
our PETS antenna by sweeping a 2D map of both the wide and
narrow gate bias, which showed the typical features of both posi-
tive and negative responses localized along the edges of where the
conducting channel starts to open (narrow gate >−0.11 V and wide

FIG. 3. Calibrated thermometry of the MC stage compared to the heating from THz
radiation. A parabolic calibration curve is fitted to the resistive heating data (red
line). The largest THz heating effect occurs at a QCL bias of 1600 mA, increas-
ing the temperature from 27.8 to 46.9 mK, corresponding to a power of 27.4 μW.
The dashed purple line is a guide to the eye for calculations of the THz signal
from the calibration curve. The green curve is a benchtop power measurement
using a pyrometer. The filter wheel was placed in the open position for these mea-
surements. The dominant frequency at peak THz power was 2.6 THz (see the
supplementary material).

gate >−0.23 V).4 The photovoltage was measured with a lock-in
amplifier and using the QCL pulsed frequency (226 Hz) as refer-
ence. The photovoltage changes polarity as it changes sign when the
direction of the potential step is reversed (Fig. 4). The optimal gate
biases for the THz detector occur when the wide and narrow gates
are biased at −0.205 and −0.115 V, respectively. The right-handed
filter position was used for this since it happened to give the largest
response.

Once the optimum gate biases were chosen for the detector, the
response to the terahertz radiation could be investigated. Figure 5
shows the photovoltage of the PETS bowtie antenna for different

FIG. 4. 2D plot of the photovoltage from a PETS device. The filter position was
“Right handed” polarization with 1600 mA QCL bias and a 10% duty cycle, found
to give the largest response.
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FIG. 5. (a) Photovoltage from the PETS detector as a function of QCL current for each of the filter positions with the final free-space optical path at 30 mK. By taking the
mean and standard deviation between 1300 and 1800 mA, we plot a bar chart to compare the expected photovoltage with the measured response (b) and (c). The small
inset diagram in (b) and (c) represents the unmodified (“open”) polarization orientations. (c) Bottom bar chart is the final free-space optical path taken from Fig. 5(a). (b) In
comparison, the top bar chart (PETS 0○) is from early in the free-space optics development, showing the predicted and measured photovoltage when the QCL polarization
and bowtie antenna are aligned.

QCL bias currents and for different polarizing filter wheel posi-
tions at the optimal gate bias for THz detection. As expected from
the orientation of the PETS device with respect to the measured
polarization of the THz QCL, the “Open” filter wheel position pro-
duces only a very small THz photovoltage since the corresponding
polarization arriving at the sample is perpendicular to the long axis
of the bowtie antenna and, therefore, unable to excite a large sig-
nal. Similarly, the “Quartz Ref.” position (where the polarization is
also unchanged) also shows a low photovoltage. The “blocked” filter
position further reduces the observed photovoltage down to a min-
imal level associated with residual background signal in the PETS
detector.

When any of the three polarization-modifying quartz filter
positions were used (“Half Waveplate,” “Right Handed circular,” or
“Left Handed”), however, the measured response from the sample
was found to be much larger than either “Open” or “Quartz Ref.”
filter positions. This, along with the former results, demonstrates
directly that the polarization of the THz radiation from the QCL can
be adjusted by the use of appropriate quartz waveplates, as they act
to increase the component of the electric field parallel to the bowtie
antenna (which is the axis of the PETS device most sensitive to THz
radiation).

We note that the repeatable noise seen in Fig. 5(a) during QCL
operation could potentially result from a speckle pattern formed on
the surface of the device owing to interference from random imper-
fections in the free-space optical path. Either changes to the QCL
THz frequency (such as by using different current bias) or small
changes in path length from different filter positions would slightly
change the speckle pattern on the surface of the sample, giving a
fluctuating response as maxima and minima move over a sensi-
tive region of a detector. We also note, therefore, that a change
in QCL frequency could result in a change in the PETS detector
response owing to Fabry–Pérot effects within the substrate of the
PETS detector.19

To better compare the photovoltage for each filter position,
the mean and standard deviation were taken in the range of QCL
currents from 1300 to 1800 mA and compared with the expected
response [Figs. 5(b) and 5(c)]. The expected response was estimated
by assuming 75% transmission for a 1 mm thick quartz filter, that
the QCL radiation is 95% linearly polarized as estimated from the
measured 1:21.8 ± 0.6 extinction ratio mentioned earlier, and that
the PETS bowtie antenna is only sensitive to electric fields along its
length, with no dependence on handedness.

For completeness, in Fig. 5(b), we also include measurements
from an earlier experiment made during development of the free-
space optical path in which the sample was located on the PT2
stage at 3.5 K.18 As indicated, in this configuration the PETS
bowtie antenna was rotated 90○ with the antenna aligned with the
QCL polarization. In this configuration, the expected photovolt-
age was then greatest in the “open” and “quartz ref.” positions,
with a minimal response expected from the “half waveplate” posi-
tion. The measured photovoltage again closely follows the expected
trend, providing further evidence that the free-space optics main-
tain polarization and that the filter can be used to adjust this
polarization.

It was anticipated that the “Half Waveplate” position would
give the largest photovoltage, with the two QWPs giving ∼50% of
that maximum. However, in Fig. 5(c), it can be seen that the largest
response is actually obtained from the “Right handed” filter posi-
tion. It is also unclear why there is this small difference between
the “Right Handed” and “Left Handed” polarization filter positions
since the symmetric bowtie antenna should be insensitive to hand-
edness. One possibility is that the filter positions are not perfectly set
at 45○; deviations from 45○ would reduce the photovoltage for the
half waveplate and QWPs.

It is clear, however, that the filter wheel largely has the intended
effect on polarization, given that each measured photovoltage lies
within, or close to, the error bars [Figs. 5(b) and 5(c)]. Future work
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will concentrate on further enhancing the purity of the polarization
obtained by adjustments to the filter wheel and the waveplate used.

IV. CONCLUSION
Through careful management of thermal loads, mitigating

issues with free-space optics, and having a clear understanding of the
requirements needed to achieve useful THz power, we have built a
free-space system that can be used to illuminate materials or devices
with THz radiation from a QCL inside a dilution refrigerator. We
also demonstrated that polarization is maintained and can be altered
using quartz waveplates. The sample temperatures are maintained at
<50 mK throughout, representing a substantial improvement over
our previous work using HMWG, which achieved 160 mK under
THz illumination. We anticipate our technique will be useful in the
study of a wide range of condensed matter systems.

In general, magnetic fields offer a useful tool for breaking
time-reversal symmetry in many condensed matter systems, result-
ing in polarization dependence on illumination. Future improve-
ments to the system will therefore include extending the THz
optical path using a pair of 90○ reflectors to reach the 12 T
magnet bore in our system, which could be particularly useful
for probing cyclotron resonance modes with circularly polarized
THz light, for example. Another future improvement could be
demonstration of detection by self-mixing using the THz-QCL,20

enabled by the polarization-maintaining free-space beam path now
demonstrated.

SUPPLEMENTARY MATERIAL

The supplementary material contains the QCL THz spectrum
at 50 K as well as photos on the final freespace optical setup as shown
in Fig. 1(a).
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