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Abstract: The strong interaction of optically excited Rydberg atoms with externa fields has made them promising
for the detection of radio frequency (RF) electric fields with high sensitivity. Such Rydberg-atom based

sensors offer advantages over conventional metal antennas in RF transparency and self-calibration, enabled

by all-dielectric construction and extremely well-known atomic properties. In this talk, we describe recent
advances in the sensing of low amplitude RF electric fields and the timing of sub-microsecond RF pulses

using room temperature Cesium vapour cells. We examine their transient response to RF pulses with

durations ranging from 10 ?sto 50 ns, identifying the dependence of atomic time scales on Rabi frequencies

and dephasing mechanisms. We present a method for extracting the arrival time of RF pulsesin atypical
two-photon setup using a matched filter tailored to the atomic response, achieving a field sensitivity down

to ~240 nV cm-1 Hz-1/2 and atiming precision of ~30 ns. On the other hand, practical operation at room
temperature results in the self-calibration and sensitivity of this setup being limited by residual Doppler
broadening. We therefore develop a novel sub-Doppler approach using a colinear three-photon scheme,

which extends the self-calibrated Autler-Townes regime to significantly weaker RF electric fields. With

this setup, we achieve a~200 kHz spectral linewidth of the Rydberg atoms' electromagnetically induced
transparency within a room temperature vapour cell. The results demonstrate the potential of Rydberg atombased sensors for use in test and
measurement, communications, and radar applications. "
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Rydberg Atom Electrometry

e Rydberg states of alkalis (Cs, Rb) with high n have 4
exaggerated properties

«Strong dipole moments p that are known precisely
* High sensitivity to radio frequency (RF) electric fields

e Compact sensors of room temperature vapour

Typical Cs Transition Dipole Moments Q““.“tlty Symbol bcalj“g
Radius (1) n-
S CalEig) ST Transition Dipole (nller|nl’) n°
u (55 D5/2 o3 53|:7/2) = 6294 ea, Polarizability rl Hf
W (42 Py, 40[)5/2) = 980 ea, Dipole - Dipole Interaction C's n’

Journal of Physics B 53, 012002 (2019)
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Sensing an Electric Field

Atomic Energy Levels

Rydberg state

Rydberg state

Excited state

Probe
Laser

Ground state

S. Bohaichuk
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e Dark state (EIT) created using interaction of several lasers
* Bright state when external RF E-field added (Autler-Townes splitting)
. Sensiti‘yity to microwave is large because dipole moment is large

* RF to optical transduction for readout via probe absorption changes

RF source probe laser

7 —
I

coupling i
laser
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Sensing an Electric Field

Atomic Energy Levels e Dark state (EIT) created using interaction of several lasers
Rydberg state
e Bright state when external RF E-field added (Autler-Townes splitting)
. Sensiti‘yity to microwave is large because dipole moment is large
Rydberg state ) ) _ _
* RF to optical transduction for readout via probe absorption changes
01}00_‘ T T T T T T T T T T T 1
e -0.002 1
: 3 20,0044 i
Excited state = i _ RE shifce probe laser
A 5 -0.006+
; -0.008
b 1
7 -0.010 1
Probe Q g 0.0121
Laser P 5 0,014 1
= -0.0!6- 1 vapor cell
-0.018 e [ —— coupling I I
Ground state v 2@ R d o ol gl g s
Probe Detuning (MHz) 2
S. Bohaichuk Quantum Valley 3
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Autler-Townes & Amplitude Regimes
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Autler-Townes & Amplitude Regimes

* |n the Autler-Townes regime (larger

T T
e F = 12.03 mV/cm,
—E=19.10 mV/cm
E = 30.55 mV/cni]
|
|

amplitude RF E-fields), peaks are split: EL
2 hvg e
Egg = —= ® [ N
i eﬁ f

* Depends only on well-known p

Peak Splitting (MHz)

* |In amplitude regime (weaker amplitude

RF E-fields) peak height changes: E :
1/2 g :
A |VT= 272 (—1+ 2,/20)v2 +¥3) Qc . :
Enr ~— Aa 8 s
u 2 = ‘. %
s 'w; :
* Depends non-linearly on decay rates (y), = ,..‘ l‘;l. =
laser conditions () and change in ZA =
absorption (Aa) e o e
S. Bohaichuk Qwain Vasey

Pirsa: 22070017

=
<
T

[
=
T

[
=
T

=
T

=
=

o
=)

=
s
L

=
(%]

e
=}

10 15 20 25 30 35
Electric Field (mV cm™)

=]

10 20 30 40 S0 60 70 80 90

Efield (uV/cm)

Page 7/48



Traditional Antennas vs Rydberg Atoms

Traditional Dipole antenna Rydberg vapour cell
A2 Rb vapor cell
I
. Dipole Antenna \ o /I/

Co-axial Feeder Cable

* Electrons moving in a metal * Collection of atoms as the ‘antennas’
e Electrical readout * Optical readout
S. Bohaichuk Quantum Valley
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Traditional Antennas vs Rydberg Atoms

R rgv r cell
Advantages ydberg vapour ce E
i ion li Rb 1l :
e Self-calibration linked to fundamental i |/
constants and atomic properties © }

e Electromagnetically transparent (dielectric)
e Stability, reproducibility
e Sub-wavelength with imaging possible

* Broad carrier bandwidth: MHz — THz , ] ,
* Collection of atoms as the ‘antennas

* Optical readout

S. Bohaichuk Qulfin;gglyaatl}w
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Outline

Pulse modulation

1. What are atomic limits on temporal resolution? it

Transit time, collisions, ions? .

Pulse modulated RF

* Applications in radar & communications

&

=
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o

S. Bohaichuk, arXiv:2203.01733 (2022).
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2. How can we improve sensitivity?

* Weakest field detectable in shortest time

Peak Splitting (MHz)

* Extension of Autler-Townes regime to lower fields

0 5 10 1'5 2I0 2|5 3.0 35
Electric Field (mV cm™)
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Outline

Pulse modulation

1. What are atomic limits on temporal resolution? it

Transit time, collisions, ions? .

Pulse modulated RF

* Applications in radar & communications
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S. Bohaichuk, arXiv:2203.01733 (2022).
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2. How can we improve sensitivity?

* Weakest field detectable in shortest time

Peak Splitting (MHz)

* Extension of Autler-Townes regime to lower fields
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Electric Field (mV cm™)
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2-Photon Scheme for RF Sensing

Cs Atomic Energy Levels * Counterpropagating 852 nm and 509 nm diode lasers
c3. RF Rydberg state Both lasers locked on resonance referenced to ultra-stable cavity
7/2
e « PulSe modulated RF field induces change in probe transmission
ie
Rydberg state 19.4 GHz
55D, -
Coupling laser
509 nm
v Excited state Cs vapour

6P, —
F=5

D2 Probe laser
852 nm

852 nm Pulse modulated RF

651/
F = 4 Ground state
photodetector

BS mirror

S. Bohaichuk Qlllfjn(;cg;nLV:tl}ey
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Pulse-Modulated RF Detection

* Sub-microsecond pulses typical in radar & communications

* Need to understand limits to atomic response time

(o]
* Goal to precisely detect weak RF pulse arrival time

AM 50 60 70
! ISR -
FM 88 90 924 94
|
300 ¢ RF OFF
<200 |
=
-
<
100 |
J
/
0 hen i
i 1 L
-100 -50 0 50 100
Coupling Laser Detuning (MHz)
S. Bohaichuk Qulfjn;g;nyaatl)ley .
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Pulse-Modulated RF Detection

* Sub-microsecond pulses typical in radar & communications

* Need to understand limits to atomic response time

AM 50 60 70
EEEEEE R -

FM 88 90 924 94

o
* Goal to precisely detect weak RF pulse arrival time

' : > : ! - 100
I
300 h ey
| ‘_CE’ L 0
f:’ Sal
200 ) = "
2 r = 1-100
E H 82 £
) i : =
e ™ ' N\ 217 {-200
{\ ' o
T [ llu t0Ff
0 4 ST A, 4 e 1 -300
i 1 i
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Coupling Laser Detuning (MHz) Time (us)
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Transient Atomic Response

100 :
90 ns
] oLl g 0 G S AR
0f  fast transient
. [+]
=100 |
=100 z
E Slow ~2 ps £
5 transients = o)
-200 | /
10 ys
300 + Moy | ] -300
0 5 10 15 Que 2 cogie 6 g g HD
Time (ps) Time (us)

Qp = 21 x 3.5 MHz
* Initial rapid drop in transmission lasting <50 ns, dependent on probe laser power Q. =21 x 2.1 MHz

* Slow transient to steady state takes several ps

* Slow response limits total pulse depth when shorter RF pulses are used

S. Bohaichuk Qulfjn;cgglyggey

Pirsa: 22070017 Page 15/48



Density Matrix Modeling

i

RF state 14) a= 5 [p,H] + L(p)
RF pulse : : - : : :
| )Rydberg state o * Time-varying Hamiltonian with pulsed RF Rabi frequency
A RF o
» Rates (Is) represent decays & decoherences for these
experimental conditions:
Coupling laser
= B * Known decays: I, =21 x 5.2 MHz, I';, = 2rt x 10.4 kHz
: r
Exc't‘ig)‘c’tate 4 = ¢ Transit time: sy =Ty = = 21 X 275 Itz
A
—————— 5) e .
Beoboilaier r Dark state(s) * Dark state generation: I';s = 21t x 10 - 800 kHz which
O £l captures:
7 I — State-changing Rydberg-Rydberg collisions
1 ¢ — lon generation via collisions & blackbody radiation
Ground state
S. Bohaichuk Quantum Valley 11
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Atomic Time Scales

0.00 [~ m——
v
_~ . Fast transient /’f Experiment
;; -0.25 1 Slow recovery |
= (col®sions, drift, |
S electric fields) |
g 050 |
s Slower transient ||‘|I
S drift, repopulation |
£ el A ( pop )
Qp = 2nx2.0 MHz
\\ Simulated 'Im(pz-]) QC = 2nx0.6 MHz :
-1.00 | . D e e — : Qgr = 2nx60 MHz (fully split)
0 3 10 15
Time (us)

1. Fast Transient — rapid two-level (D2 line) re-equilibration

2. Slow Transient — removal of Rydberg & dark atoms set by transit time

3. Slow Recovery —regeneration of Rydberg & dark atoms set by collisions, electric fields, & transit time as
coupling laser restored to initial conditions

S. Bohaichuk Qulfjn;gglyaagev 12
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Atomic Time Scales — Fast Transient

0.2

Normalized AT (a.u.)

Simulated
-Im(p,,)
2nX12.Z’ MHz
2nx4.0 MHz

o), —
2nx1.9 MHz
211%0.65 MHz

Experiment

0 1

Time (Ms)

Q. = 2nx2.0 MHz
Qgr = 21160 MHz (fully split)

» Deeper initial transient is present at lower probe laser Rabi frequencies

* Improves detection of short pulses

S. Bohaichuk
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Atomic Time Scales — Slower Transient

0.1 - . 0.8
Q, =2nx 4.5 MHz
0 Qc=2nx2.1 MHz | — —_—
S07¢ -
; o o //'/
£ S -
& ©06 | &
S S
302 O -
E " . (4b] /_x/
%) 110 pm radius = e .
S .03 : - -
S04 o
-04 ~ 60 um radius
= - = = 03 i i i L i
0 T.1 2 3 40 60 80 100 _120 140 160
ime (us) Approximate Beam Radius (um)

* Atomic response slows as increase laser beam size since atoms linger in optical system

* Overall pulse response time scale limited by transit time

S. Bohaichuk Qﬁ?ﬁ";ggﬁgw 5
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Atomic Time Scales — Recovery

Coupling Laser Power Variation

-0.1 L_.. 5 mW (2nx3.7 MHz) o
= L_ 9 mw —~
e 0.2 ‘ 1 =
i ] 15 MW E
< -03+¢ Nl 20 MW |<_]

] 25 mW
| \ 30 mW (2rx8.7 MHz)
0.4 \._ 35 mWw

40 mW

-05 1 \ 45 mw ] -0.04

55 mW (2nx12 MHz)

[

L iU

2 g 2 0 20 40 60 80

Time (us)
* Shape & timescale of recovery depends on:
— Excited-Rydberg transition choice (which states)
— Coupling laser power & detuning
— Position of beams within vapour cell

* Result of collisional and electric field effects at higher Rydberg populations, partly modeled with dark state

S. Bohaichuk Qﬁg@gg‘fg}}“ 15

Pirsa: 22070017 Page 20/48



Atomic Time Scales — Recovery

Coupling Laser Power Variation Laser Position Variation
0.1 ‘ : : ' ' 0.1
0 . drcrfoy cvactnnd
0 z
-0.1 15 mW (2037 MH2) o \
— i ’01 [i |
> L—! 9 mW S e
= 0.2 a 1 & Approx. Position
: e 15 MW ief) 2
< -03 | Ml 20 MW E
t 25 m\W - R
\ 30 mW (2r=x8.7 MHz) -Uor
0.4 ¢ t 35 mW ] \ .
L___ 40 mW \ e
-05 1 \ 45 mW : -04 ¢ y through vapour cell
55 mW (2nx12 MHz)
L A e e _0.5 1 1 L 1
0 20 40 60 80 0 10 20 30 40

Time (us)
* Shape & timescale of recovery depends on:
— Excited-Rydberg transition choice (which states)
— Coupling laser power & detuning
— Position of beams within vapour cell

Time (us)

* Result of collisional and electric field effects at higher Rydberg populations, partly modeled with dark state

S. Bohaichuk Qﬁ?jnggglt’aagev 15
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Pulse Detection: Matched Filtering

< 200
g 150 ¢ * Used in communications to detect weak
= 1Y signals buried in noise
o 5 | |
0 ' | | L [ ' ' : R
2] M‘m i TTIRT N S il * Extracts pulse end time by maximizing
UE, -50 ! correlation with a known pulse template
§—100 -
= -150 : : : : * Template can be simulated or an averaged
-10 0 10.. 20 30 40 experimental pulse
Time (us)

<10 * Implemented in real-time with an FPGA

E 8y

B 6

PRI

IS

i

T TR

=2

-10 0 10 20 30 40
Time (us)
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Pulse Detection: Matched Filtering

< 200
g 150 ¢ * Used in communications to detect weak
= 100 d L L | signals buried in noise
& 50 WAL JLAALE I AR N
a2 0 mr | | MM mw’l- | ok  Extracts pulse end time by maximizing
UE, -50 ! correlation with a known pulse template
§—1OO -
 -150 : ' : : * Template can be simulated or an averaged
-10 0 10 20 30 40 experimental pulse
Time (us)

<10 * Implemented in real-time with an FPGA

E 8

S 6

i 4t ; *"w.h_

3 9§ \

-E:.) 2 _ ™, ;ﬁ«"'ﬂ \k‘ i o i

= 0 ;-\MA” Wi g

§ _2 1 1 I

-10 0 1(_)|__ ( ?0 30 40
Ime (JUS
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Pulse Detection: Matched Filtering

< 200
g 150 ¢ * Used in communications to detect weak
= 100 I TN e | signals buried in noise
k) 50 1 gL oA | . I | [ “l | [ I
v ' ' | | R [ { | n | i ALl
o 0 R '*““HM“ | * Extracts pulse end time by maximizing
UE, -50 correlation with a known pulse template
§—100 E
— -150 : : : : * Template can be simulated or an averaged
-10 0 10 20 30 40 experimental pulse
Time (us) & 3

<10 * Implemented in real-time with an FPGA
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Filtered Individual Pulses

Continuous Wave RF Response Pulsed RF Optical Response Matched Filter Output
0.06 V/m 40! A 145 Vim
300+ | o SR LA ol rmm / \ 0.68 V/m
TP i 010 Vim ol
% 200} ' . %‘100 ‘ | 0.15vim g 0.20 V/im
5 iR £ :20
NIV <1-200 0.20 V/im = 0.15 V/m
100 ( ‘.I‘ Jl. v l f .I 10 +
NN AL “\ 0.10 V/im
\ |\l \ A -300 | Nl i 0.68 V/m « .-
\ MM\ 1.45 V/m 0 —
e CRY | . . . L \ L :
-100 0 100 0 5 10 15 20 25  -10 0 10 20 30 40
Coupling Detuning (MHz) Time (us) Lzl Qp = 2 x 3.5 MHz
Qc = 2nx 2.1 MHz
* RF field strength nonlinearly changes pulse depth in absorption regime
* Pulse depth saturates in Autler-Townes regime
* Matched filter applied to single pulses greatly improve signal-to-noise (SNR) & extracts timing
S. Bohaichuk Quantum Valley 17
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Filtered Individual Pulses

AT (mV)

Continuous Wave RF Response Pulsed RF Optical Response Matched Filter Output
| 0.06 V/m 40 | A 145 Vim
300 | ‘ O gl S -_i — e J "‘, 068 V/m
T oq0vm o
200 ' B8 o | 015 vim = 0.20 V/m
. = E 20
\ —
X A A B
AV -200 0.20 V/m < S
oo A (VIR 10 f
N A “\ 0.10 V/im
\ | N\ \ Ay -300 | Nl | 0.68Vim | \
V) AVA (R VAR 1.45 V/m 0 =
-100 0 100 0 5 10 15 20 25  -10 0 19 20 30 40
Coupling Detuning (MHz) Time (us) =) Qp = 2 x 3.5 MHz

Qc = 2n x 2.1 MHz
RF field strength nonlinearly changes pulse depth in absorption regime

Pulse depth saturates in Autler-Townes regime

Matched filter applied to single pulses greatly improve signal-to-noise (SNR) & extracts timing

S. Bohaichuk Quantum Valley
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Choice of Laser Conditions

Normalized Matched Filter Peak

* Lower probe power improves SNR but cannot
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0.5
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distinguish powers of large RF fields

S. Bohaichuk
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Choice of Laser Conditions

150 80
RF OFF | RFON
100 a0 I
i3 Variation in Probe Power/'ﬁ ‘ - e
E | ke R
© £ 50 E ]
E e ® - b : s y T A [ s i | I‘I ( |
ig 0.8 ° ° o Rl - 0 "*”‘”**MWg“f \¢; \ it
ks e e b
@ ° ° -50 -20
ol y 40 20 0 20 40 40 20 0 20 40
3 - ° - Qp (MHZ) Green Detuning (MHz) Green Detuning (MHz)
T 04 t - 2nx1.7
Qi . ° ;
N e 2mx3.5
"o o o ;
£ 02 | e o© ° 2nx8.0
B (B o 2mx12.5
2 ke _awars
0 0.5 1 15
RF Field (V/m)
* Lower probe power improves SNR but cannot
distinguish powers of large RF fields
* Lower coupling power advantageous until reach
noise limits
S. Bohaichuk Quantum Valley
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Atomic Receiver Performance

Sensitivity
50 100¢
s, :
°
..
40 r . ° ° ¢ o °
e * ®
o) 8 29s
] Lower ®e ® —_
ot 30 r Q . e o [+] g
m |R. e B -] s
7 A 8 0.5 pus @ 101
20 e og an = : &
e 0.2 ps
$ °o° 0® :
, %o (-] . o
10 | ¢ Sl A 0.05 ps
¢ o8 . °
¢ e® © °
i
0 1 1 1 1 10_2
0 0.1 0.2 0.3 0.4 0.5

RF Field (V/m)

* Sensitivity degrades for pulse durations below the ~2 us atomic response
« Minimum detectable field ~170 uV/cm with sensitivity ~240 nV cm 1 Hz /2

Timing Accuracy

* Timing resolution can be <30 ns but degrades at weak RF E-fields

S. Bohaichuk
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Atomic Receiver Performance

Sensitivity
50 100
s, :
°
..
40 1 o ° ° ¢ © °
e * .
o J 29s
© Lower ®e 0® —_
G 30 r Q £ =] o [+] g
m |R. e B -] e
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[ 7 « 0.05 ps
¢ o8 . °
¢ e® © °
.
0 1 1 1 1 10_2
0 0.1 0.2 0.3 0.4 0.5

RF Field (V/m)

* Sensitivity degrades for pulse durations below the ~2 us atomic response
« Minimum detectable field ~170 uV/cm with sensitivity ~240 nV cm 1 Hz /2

Timing Accuracy

* Timing resolution can be <30 ns but degrades at weak RF E-fields

S. Bohaichuk
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Matched Filter Considerations

Nonlinearity

RF field
1.45V/m
0.68 V/Im

0.35V/m
\\ 0.20 V/im
\\0.15V/m

Normalized AT (mV)
o)
()]

-1.5

6 8
Time (us)
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Normalized AT (mV)

no

—
T

o

]
—

Temporal Variance

w

* Pulse shape changes slightly in the amplitude regime at edges

Pulse rate_1.50 CElZ DOl
il VA
\ | |
‘.\I II".‘
.“' ".\\\ ‘
300 kHz™ 500'kHz
g g B 4 B B0

* Pulse depth and recovery depend slightly on pulse rate relative to slow electric field effects

* Matched filter still functions but extracted pulse timing shifted slightly

S. Bohaichuk
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Application: Radar Detection

330° N 30° 30 R 30
300° 30 A i p
Emitter \ e > 25 i i
Tt 11
200-m/s e N 320 : i
[ i —>
2707 g)‘(' 0.5 km 1km i ! !
Receiver E 15 I
10
120°
- R o 00 25 50 7.5 10.0 125 150 82 84 _ \86 8.8
Time (s) Time\(s)
30
* Experimental radar detected from simulated spinning aircraft emitter =
_ _ S 20
* Captures side lobes of emitter pattern, but central lobe saturates E
w15
S 3 : ; <
* Timing resolution of 30 ns corresponds to 9 m spatial resolution i M‘W’N
5
00 02 04 06 08 1.0
At (ms)
S. Bohaichuk Quantum Valley 19
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Application: Radar Detection

330° N 30° 30 i 30
300° 30 A il
Emitter \ = % 25 i i
T e 1
200-m/s S \fud 20 i i
[ i — >
270° g)‘(' 0.5 km 1km ey ! !
Receiver E 15 I
10
120°
. e - 00 25 50 7.5 10.0 125 150 82 L 8.8
Time (s) Lo
30
* Experimental radar detected from simulated spinning aircraft emitter =
: _ S 20
* Captures side lobes of emitter pattern, but central lobe saturates E
w15
g : : ; b3
* Timing resolution of 30 ns corresponds to 9 m spatial resolution i M‘Wﬁ
5
00 02 04 06 08 1.0
At (ms)
S. Bohaichuk Quantum Valley 19

Pirsa: 22070017 Page 33/48



Outline

1. What are atomic limits on temporal resolution?

Can detect sub-50 ns pulses at Iczw Q.

Influenced by ~us transit time & fields (ions, collisions)

240 nV cm1 Hz Y2 sensitivity aided by matched filtering

* Timing resolution sub-30 ns for radar applications

AT (mV)

-300 1

S. Bohaichuk (?“.‘;‘j“;gg'[":t‘jw
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Pulse modulation

/— Envelope

S. Bohaichuk, arXiv:2203.01733 (2022).

56 ns ‘

-200

Time (us)
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Outline

Pulse modulation

1. What are atomic limits on temporal resolution? s

Can detect sub-50 ns pulses at Ic:w Q,

Influenced by ~us transit time & fields (ions, collisions)

240 nV cm 1 Hz Y2 sensitivity aided by matched filtering  s. Bohaichuk, arxiv:2203.01733 (2022).
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* Timing resolution sub-30 ns for radar applications

e
(=]
n\\

2. How can we improve sensitivity?

e Weakest field detectable in shortest time

Peak Splitting (MHz)

* Extension of Autler-Townes regime to lower fields

0 5 10 ]’5 2I0 2I5 3ID 33
Electric Field (mV cm™')

S. Bohaichuk Q".Z“JSS‘E’:E“ 23
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2-Photon Autler-Townes Limit

& sl M‘”"“‘ Cs /‘RF Field
e 19.4 GHz
< 00 T T T T T T T T T ;
< 1_0_1 55D5/2 ry REoifee 852 nm
i : o .
£ 051 sl Coupling laser
g ?gq T T T v T T T T T 509 nm : .‘
§ g 1.46 mV/ \4
N 05- 46 mV/em
.E ] 6P3/2 A
0.0
5 10] T : T , - . : - " Probe laser vapor cell
054 0 pViem 215 852 nm 509 nm ‘:. 7
": v ‘*\ !I‘
o8 T T T T T T T T T 651/2 ‘: b s
10 5 . 10 v oy

Detuning (MHz) Spectral resolution:
ctuning
*  Two-photon scheme

K — kb
¥,

* Extent of Autler-Townes regime set by EIT linewidth

* Spectral resolution of 2-photon scheme limited by residual Doppler shifts: D2 = 0.671722 = 27 x 3.50 MHz

S. Bohaichuk Q“.Z“JSS‘E’:E“ 24
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Enhanced 3-photon Scheme

fRF Field
110 GH
iy f ‘ RF source 636 nm
o Coupling
laser
2.26 pm ¢
9S,/, -~
Intermediate
laser ) vapor cell
636 nm 2.2 ym, q {
6P/, : 895 nm e
O e vy
Probe laser . Spectral resolution:
895 nm ¢ S Two-photon scheme
65,,, K, = k5| po o |
k! = "}21“ L ()071'}21" = 27 x 3.50 MH=z
* Typical 2-photon conditions are limited to several MHz linewidth 1
S. Bohaichuk Qulfjn;cgguyggey -
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Enhanced 3-photon Scheme

fRF Field
110 GHz
42P
e : ﬁ RF source 636 nm
o Coupling :
laser
2.26 um ;
9S,/, -
Intermediate
laser . vapor cell
636 nm 2.2 ym, N5
6P,/ M 895 nm o
. . »
Prabo lader . Spectral resolution:
895 nm ¢ . Two-photon scheme
gl = ~|-;2D;’ = 067173y = 2 x 3.50 MHz
* Typical 2-photon conditions are limited to several MHz linewidth !
* Three-photon scheme
* Lower 3-photon wavevector mismatch gives <200 kHz linewidth =
”\'Q = ’\'] — f\',‘}l D1 =T :
S. Bohaichuk (?“,fj";gg'ﬁ’;}}ev ki = = i 25
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Normalized Transmission (2-photon)
Normalized Absorption (3-photon)
o
~

Enhanced 3-photon Scheme

[y

=
®

=
o2}

=
o

)

=
ro

RF OFF UJUJJ e —— 2-photon | |
rﬂ . \ —— 3-photon | 1
‘Jﬂ
f \
" )
;HMJ{I 1""‘. 'n':.llw VJ ".J ; | ‘rl-{\n.f‘ \ "-:'1/ JM‘W\ JL ‘
-10 0 10

-5 0
Coupler Detuning (M

Hz)

/

42P;,,
o Coupling
laser

2.26 um ;

ﬁ

951/,

Intermediate
laser
636 nm

A

Probe laser
895 nm

£

v

121

65,/

Typical 2-photon conditions are limited to several MHz linewidth

Lower 3-photon wavevector mismatch gives <200 kHz linewidth

S. Bohaichuk
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Quantum Valley

|deas Lab

RF Field
110 GHz

RF source

636 nm

2.2 uym,
895 nm

Spectral resolution:

*  Two-photon scheme

L3

— k3| ~D2
J
k 1

51T =

* Three-photon scheme

|k2 — k1 — "'3|,,Dl

T2 e
]\']

= 0.0048~P! =

121 &=

vapor cell

o
' i
~ ~

0.671v5? = 2r x 3.50 MHz

27 x 21.9kHz
25
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Experimental 3-Photon Linewidth

350 . 4
g i s
= 300 o >
= 1 S
g s
= e}
250 | J g
m l p
= o
2 ©
o =
5200 5
™

Qqpr™ 21t x 0.13 MHz
(o™ 21t X 1.4 MHz

150 ' : ' ’

0 5 10 15 20 25

Qg3 (211 x MHz)

w

N

—_—
T

()

0.5 0. .06 1 15
2.2 uym Detuning (MHz)

* Narrowest linewidth <200 kHz at low red coupling Rabi frequencies

S. Bohaichuk
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Density Matrix Model

Rydberg |5)
RF 110 GHz f <2 : : N
N Typical Rabi Frequencies:
Rydberg |4) E Qo™ 21X 0.13 — 0.4 MHz
T42P3/z Qg36 ~ @M X 0.5 - 20 MHz
2.26 pum Q... ™nx0.3-2.4 MHz
, Qrpr
Intermediate Decays: Laser Linewidths: Dephasings:
13) I [y, =2nx4.52 MHz + T, Mgo5 = 270 % 20 kHz —F
9S,,, I3, = 21t x 200 kHz [e36 = 210 X 50 kHz B e
6% nm M3 =Ty [1pr = 21 X 50 kHz F35 = Fese + Mrpr
: I (transit time) ~ 2m x 80 kHz
Excited |2) I =
i * Density matrix model used to estimate theoretical narrowest linewidth
895 nm * Includes known decay rates between the states & transit time broadening
Qgos
o * Laser linewidth estimates included as dephasing terms
Ground |1) —
6S,/,
S. Bohaichuk Quantum Valley
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Simulated Linewidth

0.00175
(o™ 2 x 0.13 MHz Lorentzian fit
QGSBN 2n x 10 MHz 000150 4 FWHM et 177 kHZ
Qgos ™ 21t x 1.4 MHz

000125

)

Linewidths:
Meos = 27T X 20 kHz ..g e
[e36 = 210 % 50 kHz B siogae
[pr = 210 x 50 kHz 3

0.00050 4

0.00025

0.00000

-100 -075 -050 -025 000 025 050 075 100
2.2um Detuning (MHz)

* No transit time broadening included

* Laser linewidths are included as dephasing, resulting in a 77 kHz increase in linewidth

S. Bohaichuk (?“.‘;‘;.“;;";'E’:E"Y
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Simulated Linewidth

(o™ 2 x 0.13 MHz et Lorentzian fit
..~ 2mx 10 MHz e FWHM ~ 238 kHz
Qgos ™ 21t x 1.4 MHz

000150 1

o

Linewidths: 000125
[gq5 = 270 X 20 kHz 2
Me36 = 270 x 50 kHz | B
Mpr = 210 % 50 kHz 3 00075 |
Transit time: 0.00050 1
[ ~ 210 x 80 kHz

0.00025 1

0.00000 4

-100 -075 -050 -025 000 025 050 075 100
2 2um Detuning (MHz)

* Transit time broadening included, resulting in a 61 kHz increase in linewidth
* Laser linewidths are included as dephasing

* At these Rabi frequencies expect around 250 kHz, consistent with experiment

S. Bohaichuk (?“.‘;‘;.“J;";'E’:E"V
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Autler-Townes Regime Extension

RF frequency: 109 GHz

* Smallest RF field strength detected in self-calibrated
i Autler-Townes regime using 3-photon <300 pV/cm
(o] 4 - .
= ~ i Measured with a linewidth (FWHM) ~ 315 kHz
&
B N 185 pv/em
26 i ’“\\*\\ !
i o N T 040 1N e m
-9 . ST _\“\
_g- ; G g \ ““"“—"-“"-"-t 306 puV/cm
D TN {392 pV/em
/:M‘““”“'\\‘\\w«ﬁ 501 uV/cm
3 “M’w:uf \\w\; 646 [.lV/Cm
;Jfﬂw 1045 pV/cm
0 MW WN 1648 puV/cm
S 1 15

L
2.2 ym Detuning (MHz)
S. Bohaichuk
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Conclusion

1. What are atomic limits on temporal resolution?

—-100
* Can detect sub-50 ns pulses at |OV‘\’I Q, £
|_
* Influenced by ~us transit time & fields (ions, collisions) e
“ 10 us
240 nV cm1Hz' /2 sensitivity aided by matched filtering |
0 4 8 10 12

* Timing resolution sub-30 ns for radar applications

2. How can we improve sensitivity?

o
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o
o

* Reduction in linewidth to < 200 kHz with 3-photon setup

* Extension of Autler-Townes to lower fields < 300 pV/cm

(=]
o no
e

Normalized Transmission (2-photon)
Normalized Absorption (3-photon)
o
'S

o
o

-10 =5 0 5 10
S. Bohaichuk Q“,Z"ggg‘f:ﬂ“ Coupler Detuning (MHz) 32
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