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'MOTIVATION

-
: The calibration of ultra-sensitive THz/meV detectors in cryogenic

environments is a significant challenge, as standard fiber optics absorb THz radiation
and tunable sources are limited.

\.

-
: A system is being developed using a photomixer and hollow circular

waveguides to deliver tunable frequency THz photons to cryogenic sensors.

\.
-

: This work is motivated by the need to calibrate SQUATs, which are
sensitive to single THz photons and meV phonon:s.

.

Emily Perry (eaperry@lblgov)
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. PRINGIPI_E OF OPERATION High fre photomixing to generate and detect THzZ.
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'HOW DO WE DETECT THZ?

The Michelson Interferometer
Mirror

Same combined laser beam sent down a longer optical path to detector
PCS onto which the THz signal is incident

Basically an interferometer! i )
Irror
Light Source : laser —@#;I
2. Beam Splitter : 2 beams, a probe beam and a test beam. Interference

fringe paﬁer:\
3. Optical Paths: probe beam travels a longer fixed path. Test beam

=N

travels along a changeable path (by distance) Screen

4. Interference Pattem wwaw.explainthatstuff.com
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WORK DO NE @ SI_AG Work by Tonya P, Betty Y, Emily S, Sidney S & Noah K

280 GHz Bandpass Filter vs No Filter

ST

1. Several S/N Improvements:

e Cables modifications: shielding, twisted pair
e New grounding schemes: remove voltage offset
o Faraday cage alterations: two orders of 100 300 400 500 600 700 800 9

magnitude higher signal. oo W’WWWW -
e As aresult the "EMI noise" previously observed H W‘""" { | ‘“ N m ‘"W ‘ P WM‘" WM "

o —

Power (arb)

has been significantly reduced, though a

lower-level intrinsic noise source remains.

. Winston Cone tests
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Collaborating on THz—SQUAT desig

From Betty & Emily S. Witha 12.6 +/- 0.2 cm PSD head spacing.
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4K INTERIM FRIDGE OPERATION (@

BERKELEY

Goal: THz being sent to SQUAT: at the LD400 MXC.
Interim test: photomixer head setup at 4K stage.

Currently working on moving THz system into the
LD400 after bench top testing for familiarisation

Average Power (arb)

Cryomixer Bench Test: 2025.10.24
Resolution 2000 MHz, Step Size 100 ms, 11.9 cm Distance, #of Scans 5

1 Plot from Brennan C.

—— Power
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FUTURE WORK

10/25 11/25 12/25 01/26 02/26 03/26 04/26 —>

APS 2026

4K INTERIM TESTING:

e Installation of THz system in LD400 and initial room & cold temperature testing/alignment
Ideally new PSD heads
e Modification of existing 4K set up (waveguide etc.)

e Room & cold temperature testing/alignment

Emily Perry (eaperry@lblgov)



FUTURE WORK

THZ — SOUAT CALIBRATION:

Design work being done in collaboration with SLAC

Photomixer

2THz
low-pass filter

e Design considerations: Cu housing

Stainless steel

o Thermal shorting considerations capillary waveguide

100 mK THz path

o Waveguide or free-space coupling Cold Plate
o Blackbody radiation filtering
o Beam considerations diffraction, etc

o Robustness necessary for transfer to other

Schematic from

SQUAT detector

systems (e.g BREAD) Tonya P.

Future future : combining system with MEMs! See Sidney’s talk

Emily Perry (eaperry@lblgov)
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OTHER CALIBRATION METHODS

. Effect of current injection into thin-film Josephson [ ror |
JJ injectors junctions _
Filtered black bodies T B sl ! JJ controlled by a Cl.Jrrelnt. cwculated.through tWo  share

. . ——— ~— or more attached microinjectors. This allows for
Radioactive sources

o Showmore v manipulation of the junction's energy profile.
Frequency multipliers

Phys. Rev. B 90, 184504 - Published 11 November, 2014 Export Citation

y ps://d : » Re 9 8
OPEN ACCESS m

Inherent Thermal-Noise Problem in Addressing Qubits

Slawomir Simbierowicz , Massimo Borrelli , Volodymyr Monarkha @, Ville Nuutinen, and Russell E. Share v
Lake . . .
They can incorporate filters that precisely shape the spectral
Showmore v output of the blackbody to mimic or isolate specific types of
noise, as seen in this AlIP article.
PRX Quantum 5, 030302 - Published 2 july, 2024 OPEN ACCESS m
DOL https:/doi.org/10.1103/PRXQuantum.5.030302 Efficient Qubit Calibration by Binary-Search Hamiltonian
RESEARCH ARTICLE | NOVEMBER 15 2023 TraCking Share v

Robust cryogenic matched low-pass coaxial filters for Fabrizio Berritta ("2, Jacob Benestad (3, Lukas Pahl ®'4, Melvin Mathews ®'5, Jan A. Krzywda®,

quantum computing applications ¥ Réouven Assouly ", Youngkyu Sung "4, David K. Kim’, Bethany M. Niedzielski @7 et al.
Anton |. lvanov @; Victor I. Polozov @ ; Vladimir V. Echeistov ©; Andrey A. Samoylov ©;
Elizaveta |. Malevannaya ® ; Aleksei R. Matanin @ ; Nikita S. Smirnov @ ; llya A. Rodionov & stonmorcR Y I nVO|Ve ca | | brat' ng mlcrowave Componen‘ts ‘to
® chock for spates generate higher, precise frequencies for qubit
+ Author & Article Information PRX Quantum 6, 030335 - Published 26 Augucontrol Export Citation

Appl. Phys. Lett. 123, 204001 (2023)
https://doi.org/10.1068/5.0177092  Article history &

DOIL: https://doi.org/10.1103/77qg-p68k




Method Description Pros Cons
THz Supply THz via photomixing directly to Directly supplying signal R&D needed for design, expensive
calibration | SQUATS: at cryogenic temperatures you want to measure.
system
Broadband, robust
Crogenically compatible
(starts in fridge)
Josephson JJ controlled by a current circulated High sensitivity, exact Modelling complications/extensive
junction through two or more attached manipulation amount required because of spread
injectors microinjectors. This allows for Crogenically compatible of JJ prop (critcal current). Not
manipulation of the junction's energy (starts in fridge) tunable
profile.
Filtered They can incorporate filters that precisely Reproduction of noise profile | Slower on/off. Not tunable
) ETel § shape the spectral output of the blackbody | Crogenically compatible
bodies to mimic or isolate specific types of noise, (starts in fridge)
as seen in this AIP article.
Frequency | Involve calibrating microwave components | Minimal hardware, cost frequency multiplication is that the
multipliers | to generate higher, precise frequencies for reduction. Also supplying phase noise of the input signal is

qubit control

signal here

also multiplied by the same facton 3



PRINGIPLES OF OPERATION

High frequency photomixing to generate and detect THz radiation.
CLASS 3B LASER CONTROLLED AREA

Principles:

e 2lasers(f, &) with identical polarisation are overlapped
to generate a THz beat note ¢

e Beatsignal focused onto '
(also referred to as a Photoconductive Switch/PCS) - = @

e The photodetector response is modulated atf.,, = f, -

e Modulation of detector’s conductivity + applied EF means g
THz waves radiated by antenna \

0 TTD\{\ 0 S
AAVGNESNGUAVATA | W

Laser 1:f, L ki

THz beat frequency (f_,, ) =f, - focusing lens

a4

THz radiation



'HOW PGS’s WORK

Photoconductive switching:
e The photons from the combined laser beams are absorbed by the
LTG-GaAs semiconductor, generating electron-hole pairs
e LTG-GaAs avery short carrier lifetime
— generation and recombination of charge carriers is quick
— enables electrical conductivity to oscillate with the beat freq.

Conduction Conduction band
band (Upper states)
an
(Lower states)
hv.=E

i g

(Mid-gap states)

Valence band

L N F Dela Rosa et al 2024 Semicond. Sci. Technol.
39 075010

band



'HOW PGS’s WORK

Photoconductive switching:
e The photons from the combined laser beams are absorbed by the
LTG-GaAs semiconductor, generating electron-hole pairs
e LTG-GaAs avery short carrier lifetime
— generation and recombination of charge carriers is quick
— enables electrical conductivity to oscillate with the beat freq.

Photocurrent generation:
e DC bias voltage applied to the interdigitated electrodes* drives
charge carriers, creating a photocurrent.
e Because the # carriers is modulated at the beat freq (fTHZ), the
photocurrent also oscillates at

Il M M
U U Tm\@( m THz beat frequency (f_, ) =f, -
> ullp/ u’gw/

/ DC bias voltage

*interdigitated electrodes are electrodes
with a “finger locked” pattern. Provides a
high surface area in a small volume, ideal
for sensing applications.



'HOW PGS’s WORK

Photoconductive switching:
e The photons from the combined laser beams are absorbed by the
LTG-GaAs semiconductor, generating electron-hole pairs
e LTG-GaAs avery short carrier lifetime
— generation and recombination of charge carriers is quick
— enables electrical conductivity to oscillate with the beat freq. P

Photocurrent generation: —
THz radiation
e DC bias voltage applied to the interdigitated electrodes* drives \

charge carriers, creating a photocurrent.
e Because the # carriers is modulated at the beat freq (fTHZ), the
photocurrent also oscillates at .

Silens

THz radiation:
e Photocurrent travels to the integrated antenna, which converts the electrical current into a corresponding

electromagnetic wave at the terahertz frequency.
e Theantennaradiates this signal into free space, and a silicon lens is attached to the back of the device to

improve signal coupling.




'HOW DO WE DETECT THZ?

e The THz system uses a coherent detection technique

Amplitude (A) & phase () - measures the Intensity (I) & power (P)
entire complex amplitude

Involves a receiver that uses a local The receiver does not need to
oscillator (a laser) that is synchronized with | synchronize with the transmitted

the phase and frequency of the original signal phase. It detects the signal based
transmitted signal & mixes the 2. on its magnitude or power. Does not

detect phase changes

Noise cancelling, greater sensitivity, retains | Simplicity, bulk deployment (low cost),
phase information more robust

Air traffic control radar and long-haul Navitagation, radar detection
fiber-optic communication




'HOW DO WE DETECT THZ?

How is coherent detection achieved with the THz system?

e homodyne detection: same combined laser beam sent down a longer optical The Michelson Interferometer
path to detector PCS onto which the THz signal is incident L]

Basically an interferometer!

Bei-am
splitter :
7 Mirror

e Light Source: A light source, often a stable laser, provides the light.

e

e Beam Splitter: division of light into 2 beams: a probe beam and a test beam.

Interference
fringe pattern

e Optical Paths: The probe beam travels a longer fixed path. The test beam

travels along a path that is changed (by distance) —

e Interference Pattern: Waves recombined producing interference pattern of whew oxplanthatstt com
bright and dark fringes. & SiLens
m M 'W -
o :
AVAYRVANAN A IA A
UV Y ! Uy

Increased optical path Probe beam supplied THz radiation from transmitter


https://www.google.com/search?sca_esv=df6bb7b4e6fcd0a4&rlz=1C5OZZY_enUS1161US1161&cs=0&q=Light+Source&sa=X&ved=2ahUKEwi8pYask4aQAxVCFzQIHfnOJpEQxccNegQIDxAB&mstk=AUtExfBVv7olgdgznc3-47IELk1_eBpNygkGvQORQrGTmcnoe89-o6U-rx_wsxk8PsDFaDgsJy-8S1s5mk7YBZ5jOCyYDovqhfx8K3G2iqJ5ZWd4gJk4bzWtX5x4vRPu_XLSFM47HKo3_-0pXPL1aA7nRS_BReAClBZovZgh0xFnWlH8Tm5z-fY806zEuxs_S-eMtUMA&csui=3
https://www.google.com/search?sca_esv=df6bb7b4e6fcd0a4&rlz=1C5OZZY_enUS1161US1161&cs=0&q=Beam+Splitter&sa=X&ved=2ahUKEwi8pYask4aQAxVCFzQIHfnOJpEQxccNegQIEBAB&mstk=AUtExfBVv7olgdgznc3-47IELk1_eBpNygkGvQORQrGTmcnoe89-o6U-rx_wsxk8PsDFaDgsJy-8S1s5mk7YBZ5jOCyYDovqhfx8K3G2iqJ5ZWd4gJk4bzWtX5x4vRPu_XLSFM47HKo3_-0pXPL1aA7nRS_BReAClBZovZgh0xFnWlH8Tm5z-fY806zEuxs_S-eMtUMA&csui=3

'HOW DO WE DETECT THZ?

Similar to before...
e Probe beam causes electron-hole pairs to be generated as before
e But this time these charge carrier are accelerated by the incident THz radiation

e This acceleration produces a small current in the

detector that is directly proportional to the strength Incident THz
of the THz electric field at that instant. /
e Alock-in amplifier is used to measure this current

with high sensitivity. ‘<
=

Downconverted IF output o

\ «— THz radiation from
m M M M \ transmitter

TAVATRANAN 1Al [ [

v Uy U UY

Increased optical path Probe beam supplied



o A Cryogenic THz Calibration System for €* Stanford
BERKELEY LAB Ultra-Sensitive Sensors: Design and Initial Tests

'3 University

~
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Preparing for Cryogenic Operation Results: Bench Testing Tra

Delivering broadband THz photons SQUAT Design Short Term Goal: Cryomixer Performance Validation
into a cryogenic environment is a -

cntical calibration challenge for
TH2/meV detectors, as fiber optics
absorb THz radiation and tunable
sources are mited. We are
developing a system to calibrate
cryogenic THz/meV detectors using.
hollow circular waveguides.

Objective
* Validate room temperature performance
of cryogenic photomixers

Results

+ Higher frequency signal (>1.2 THz) drops
below electromagnetic interference
(EMI) noise floor

Figure 111]

Design Requirements
* Bettor shielding of electronic
components to prevent pickup

Our Labs work on Superconducting
Quasiparticle-Amplifying Transmons
sensitive to

d meV
phonons by detecting tunneling —
events through readout of the qubit

S N3 1) rw ——— — T -

The successtul integration of THz et . 1
Photons with superconducting qubits L -
would significantly enhance the
sensitivity of dark matter searches, .
and could be used directly in . - -
experiments such as the Broadband
Reflector Experiment for Axion
Detection (BREAD), which will search Figure 3: Experimental setup for testing photomixer
for low-mass axions. (Fig. 2) - — performance in a 4K cryostat

St Waveguide Trammemiien Toat

s :
Hore, we rportprogress toward sl workc
system setup to validate photomixer
performance and test waveguide

transmission in a 4K cryostat.

Long Term Goal: SQUAT Calibration

Winston Cane LIt

+ Concentrates incoming THz radiation to 0.035" exit diameter (non-imaging) [
THz Photomixers -  High angutar acceptance, though Uit aignment s necossary {
L { ]
= F Results & Conclusions
Bakman Technologies PB7300 Spectrometer + Successful transmission through waveguides

Tunable, high-resolution, broadband (0.1~ 1.9 THz) -« W ’
* Drop in attenuation with ID likely due to misalignment o |

* Cutoft frequencies match expected values
Can be used to deliver THz photons to our SQUAT detectors
Warm system used for Cu waveguide & filter characterization
Cold system being prepped for cryogenic operation (Fig. 3)

Design Requirements.
+ Optimal transmission across all frequencies will require some tip/tit adjustment

100 me + Full transmission not needed for calibrating low-threshold single photon detectors
Cold
Photomixers Photomixers
S ot Future Work Grand Vision
203K 4K exc
Temperature
Sl ﬂ".::?mm. :m:‘:ﬁu u:.'.f:'.', - - Use as reliable source for superconducting
128 mm 10mm . o~ . "
Olamster « Protect fragile Si lens without blocking beam detectors (SQUATs and beyond)
Silens
Thickness 7.75mm 7.3mm Continue Waveguide Characterization = Explore other applications, e.g. Probe far-
i + Break tests, loop radius tests Infrared Mission for Astrophysics (PRIMA)
Shape |'yperhemisphere | Hyper-hemisphere telescope (1.3 - 12.5 THz) [Moullet 2023]
Figure 4: Calibrating SQUAT detectors in a dilution refrigerator Improve Electromagnetic Interference Shielding j &0 e Mount
PR « Increase SNR at higher frequencies
Thickness 0.5mm 0.5mm
MILLIKELVIN
r— S=A€
20 ym 20 ym FACILITY
o P P s 1 litying transmon: A sensor for meV-scale phonons and Special thanks to our collaborators on the BREAD experiment. This work was supported in B a
single terahertz photons, Phys. Rev. Applied 22, 054009 (2024) part by QuantiSED. T.L. Peshel is supported by the Kawii Institute for Particle Astrophysics v
2 Broadband Solencidal Haloscope for Terahertz Axion Detection, Phys. Rev. Letters 128, 131801 (2022) and Cosmology Post-Baccalaureate Fellowship. l s
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