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Avalanche Terahertz Photon Detection in a Rydberg Tweezer Array
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We propose a protocol for the amplified detection of low-intensity terahertz radiation using Rydberg
tweezer arrays. The protocol offers single photon sensitivity together with a low dark count rate. It is split
into two phases: during a sensing phase, it harnesses strong terahertz-range transitions between highly
excited Rydberg states to capture individual terahertz photons. During an amplification phase it exploits the
Rydberg facilitation mechanism which converts a single terahertz photon into a substantial signal of
Rydberg excitations. We discuss a concrete realization based on realistic atomic interaction parameters,
develop a comprehensive theoretical model that incorporates the motion of trapped atoms and study the

many-body dynamics using tensor network methods.
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Introduction—When an atom is excited to a high-lying
Rydberg state the valence electron and the remaining
positively charged core form a giant electric dipole
[1]. Rydberg atoms are thus highly susceptible to electric
and magnetic fields and can find applications in a variety of
sensors [2,3], for example, for detecting small dc field
variations [4—6]. Another important property of Rydberg
atoms is that their spectrum features strong dipole-
transitions across a wide range of frequencies, including
the terahertz (THz) regime [7,8]. This property, together
with their large electric dipole moment, permits the
realization of THz sensors offering spatial and temporal
resolution for the detection of classical fields [9].

In this work we propose and theoretically investigate a
protocol which allows for the amplified detection of THz
radiation at the single THz photon level utilizing addition-
ally the strong state-dependent interatomic interactions
between Rydberg atoms. These interactions have already
been used for enhanced metrological protocols [10-13].
Our detector is based on a Rydberg tweezer array in which
ground state atoms are laser excited to a Rydberg state.
Absorption of a THz photon triggers the transition of an
excited atom to a second Rydberg state. Carefully chosen
inter- and intrastate interactions then initiate a facilitation
dynamics resulting in an avalanche amplification of an
absorbed THz photon. We characterize the detector and
discuss limitations and imperfections, e.g., resulting from
the coupling of the electronic dynamics to lattice vibrations.
Beyond providing single photon sensitivity in the THz
regime the proposed detector offers a low dark count rate,
and therefore may find applications as a sensing device in
dark matter searches [14,15].
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Atomic model—To illustrate the basic idea behind the
detector we consider a one-dimensional open-boundary
chain of N Rydberg atoms. Neighboring atoms are posi-
tioned at an interatomic distance a as depicted in Fig. 1(a).
Such setting and higher-dimensional generalizations of it
can be realized with the help of optical tweezer arrays [16].
The Rydberg atoms are modeled as three-level systems
consisting of a ground state |g) and two Rydberg states |e)
and |r). The transition frequency, wry,, between the two
Rydberg states can be chosen across a wide frequency
range, including THz. Two neighboring atoms in the
Rydberg state |r) interact with a density-density interaction
V. An off-resonant laser with a Rabi frequency €2, and a
detuning A, (Q, < |Ag|) couples the state |g) and |r).
The laser detuning is set such that it cancels out the
interaction between two consecutive atoms in the |r) state,
i.e., Ay, + V= 0. This is the so-called facilitation con-
dition, which has been experimentally and theoretically
explored in various settings [17-25]. It ensures that the
excitation of an atom to the |r) state is strongly enhanced
when it is located next to an atom already in state |r). This
process is at the heart of the conversion of a THz photon
into a detectable avalanche of Rydberg atoms.

Dynamical THz detection protocol—The THz detection
protocol is depicted schematically in Figs. 1(b) and 1(c). It
consists of four steps: preparation of the initial state, the
sensing mode, the amplification mode and, finally, the
measurement. In the first step, the tweezer array is loaded
with atoms in their ground state. The state of the many-
body system is then |¥,) =®; |g);, where the sites are
labeled by the index j. Next the sensing mode is initialized
by a 7 pulse to the |e)-state, such that the many-body wave
function is [¥y) =®; |e);.

© 2024 American Physical Society
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Terahertz sensor using a Rydberg tweezer array. (a) Atoms (ground state |g), Rydberg states |e¢) and |r)) with spacing a

interact with a density-density interaction V.. when in Rydberg state |r). An off-resonant laser with Rabi frequency Q. and detuning A,,
(Qq << |Ay|) drives the ground-to-Rydberg state |r) transition. An additional laser is used for the z pulse. Terahertz absorption at a
frequency oy, takes place between the Rydberg states with rate I'ty,. (b) One cycle of the detection protocol: #): First, all atoms are
initialized in state |¢g). The x pulse excites all atoms in state |e¢). N\: During the sensing time 7', atoms can transition to |r) by absorbing a
THz photon. After applying a second 7 pulse, all atoms from state |e) transition to |g). |- During the amplification phase T, the number
of Rydberg atoms increases due to the facilitated avalanche. @®: The final measurement of Rydberg atoms yields the amplified signal.
&3 Reinitialize the tweezers with ground state atoms and repeat the protocol cyclically. (c) Sketch of the spatially resolved evolution of
the atomic states. The avalanche is triggered with the second z pulse.

For a time interval of length 7 the atoms can absorb a
THz photon triggering the transition to the second Rydberg
state |r). We assume that the rate of absorption, I'ry,, is
sufficiently small such that at most one photon is absorbed in
the sensing time window: I'ty, T < 1. This is no funda-
mental limitation as amplification is also possible for
multiple excitations. Assuming absorption of a photon at
site k, the state of the system becomes [Pe;) =® ;. |€);[7)y-
Note that the wavelength of THz radiation is typically much
larger than the characteristic interatomic distance [26-28],
which actually leads to a collective excitation in state |r).
This case will be considered further below. After the sensing
interval a = pulse deexcites the atoms in state |e) to the
ground state |g), resulting in the state [Vy,) =® ;4 |9);]7) -
Here we require the interaction between two atoms in state
le), Ve, and the dipolar exchange interaction, V.., to be
sufficiently small. Below, we will discuss how these con-
ditions can indeed be met in a realistic setting.

Next is the amplification mode, which lasts for a time T,
as shown in Figs. 1(b) and 1(c). Here the dynamics is
described by the Hamiltonian (2 = 1)

H,=Q, Z(I r){gl; +He.) +Agr2n

—l—VITZn ”/+1v (1)

(r) . .
where n;” = |r)(r|; and the laser detuning A, is chosen to

match the facilitation condition, ie., Ay +V,=0.
Moreover, we chose the detuning to be much larger than
the Rabi frequency, ,, < |A|. This condition ensures that
predominantly facilitated excitations take place. Off-reso-
nant excitations limit the dark count rate, which can be
minimized by an optimal | A, |. The facilitation process leads
to a large number of Rydberg atoms conditioned on the
presence of one THz-excited atom in state |r) [see Fig. 1(c)].

After the amplification time, the number of Rydberg
atoms in the state |r) is measured, whose average is given
by the signal

S=38 =Y (Hule™Tnfe ™ |wy). ()
J J

Here S; is the spatially resolved signal, i.e., the probability
of having a Rydberg atom in state |r) on site j. Ideally, the
signal S is proportional to the total number of atoms. Our
analysis is only strictly valid for times 7', that are much
smaller than the lifetime of the Rydberg atoms. However, in
a typical experimental setting each decayed Rydberg atom
is lost from the system. Unless, the loss takes place at the
facilitation front where it interrupts the avalanche, absent
atoms in the bulk can simply be included in the Rydberg
count. In the following we discuss the quantum dynamics
of this part of the protocol, taking into account interatomic
forces and the fact that the initial THz absorption is
collective. We provide experimental parameters below.

Many-body dynamics during amplification mode—The
facilitation excitation dynamics taking place during ampli-
fication is illustrated in Fig. 2(a), where we present the
spatially resolved signal S; as a function of time ¢, starting
from the initial state ['¥,,). For the case shown the THz
photon was absorbed by the central atom, located at site
k = 0. In Fig. 2(b) we show the time evolution for the total
signal S, see Eq. (2).

The dynamics is characterized by three stages, which are
delimited by the vertical red dashed and solid lines in
Fig. 2(b). In the first stage we observe a quadratic increase
of the signal S « (Q,7)?. In the second stage a ballistic
expansion is established [see region between red dashed
and solid lines in Fig. 2(b)]. Here, the already facilitated
Rydberg atoms excite their neighbors leading to the
creation of clusters of consecutive Rydberg excitations.
This cluster grows from the boundaries (the facilitation
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FIG. 2. Time evolution of the signal after absorption of a THz
photon. (a),(c) Time evolution of the spatially resolved signal S;
in a 1D atom chain with open boundary conditions. In panel
(a) site k = 0 absorbed a local THz photon leading to the initial
state |'W,,). Panel (c) shows the collective absorption case where
the initial state is |¥5,). We set V,; = —A,, = 5009,,. (b) Time
evolution of the signal S. After a first initial phase, the signal
increases linearly (ballistic expansion of Rydberg excitation
cluster) until the whole 1D chain is excited. What follows are
finite size effects. Consequently, the optimal measurement time is
directly at the end of the ballistic expansion phase where S is
maximal. (d) Time evolution of the signal S after collective
absorption (orange line), local absorption at site k = 0 (blue line)
and local absorption, averaged with equal weight over all possible
initial positions (gray dashed). We mark by 7', the time of optimal
amplification. The simulation was done integrating the corre-
sponding Schrodinger equation [29,30].

front) as the de-excitation of Rydberg atoms within the bulk
is off-resonant: atoms in state |r) experience an energy
shift, which is 2V, since they are interacting with their left
and right neighbor. During this ballistic expansion the
number of Rydberg atoms grows approximately linearly in
time and so does the signal: S o €7, leading to higher and
higher amplification [31]. A third stage follows in which
the dynamics is governed by finite size effects and the
signal S starts to reduce once the edges of the Rydberg
cluster hit the boundaries of the lattice. This implies that
there is an optimal value for the amplification time T,,
which is proportional to N/Q,,. Note, that this is indeed a
quantity that can be optimized: the absorption of a THz
photon may take place at a random time. However, the
starting point of the amplification mode is precisely known.
Note furthermore, that the inclusion of dephasing yields a
saturation of the signal at S~ N/2 in the long time
limit [31].

So far, we have assumed that the absorption of a THz
photon takes place at a specific site k of the atom chain.
However, terahertz radiation has a much longer wavelength
than the typical interatomic distances a, in tweezer arrays.
Absorption of the THz photon is then described by the
collective jump operator L = /Tty ) ; 1) (e]; [26,27,37].
This creates the coherent superposition state |¥¢) =
(1/VN) S, ®jzk l€)j|r) < L|¥,), where the excitation

in the Rydberg state |r) is collective, i.e., shared among the
entire ensemble (see Ref. [31] for more details). At the
end of the sensing phase this state is deexcited to
W) = (1/VN) Yk ®juk |9) ;)i Starting the amplifica-
tion mode leads to the signal shown in Figs. 2(c) and 2(d),
which increases notably faster than that of a local excita-
tion. This acceleration is actually a coherent effect owed to
the collective nature of the state |¥'g,). To see this, we show
for comparison the signal for a mixed state, corresponding
to the incoherent equal weight average over all possible
initial positions of the atom in the |r) state. This signal is
lower than the one corresponding to the excitation of the
central atom [Fig. 2(a)], which is expected since the latter
case produces more facilitated atoms than an initial
excitation close to the boundary. The collective absorption
also increases robustness to errors introduced by =z
pulses [31].

Experimental considerations—As indicated previously,
the implementation of the detector protocol requires spe-
cifically chosen interactions: interactions between Rydberg
|r) states shall be strongest, while interactions between
atoms in the |e) state and crossed interactions between
atoms in the |e) and |r) states shall be small compared to
the relevant laser Rabi frequency. Moreover, the detector is
spectrally sensitive solely near the frequency wry,, which,
however, can be tuned over a wide range. We illustrate this
in the following by considering two exemplary cases for the
element *K.

We choose the Rydberg state |r) = 70P;,, and two
different sensing states, i.e., states from which the atom is
excited into |r) upon absorption of the photon: (a) |e) ,) =
685/, and (b) [e) () = 455 ,. Using state (a) the transition
energy is 54 GHz, a convenient frequency for a laboratory
microwave source for demonstration of the scheme, while
for state (b) the transition is in the THz regime, with about
1 THz. The corresponding interaction potentials are shown
in Fig. 3.

Choosing an interatomic distance a, = 6 pm, in scenario
(a) the interaction energy is V,, ~ 12.5 MHz, V.. 9 MHz,
and V., ~1MHz. With a Rabi frequency of Q,. =
27 x 30 MHz, the Rydberg blockade at this distance can
be broken, effectively allowing us to neglect the interaction
in |e). Moreover, as the interaction between |r) and |e) is
much smaller than V., an atom excited to |e) will not affect
the remaining atoms in |r). Thus both excitation and
deexcitation can approximately be treated in the limit of
noninteracting states as was assumed previously. The poten-
tial V. (and thus the laser detuning: A, = —V,,) is large
enough to suppress off-resonant scattering during sensing:
choosing a Rabi frequency of Q,, = 27 x 0.2 MHz and a
detuning A, = 12.5 MHz results in a dark count rate of
0.33 s~!. In a cryogenic environment at 1 K this is further
reduced to 0.05 s~! due to lower influence of black-body
radiation on broadening of the Rydberg state’s absorption.
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FIG. 3. Interactions between Rydberg states of K. (a) Pair
potentials V. (blue), V.. (orange), and V., (green) as a function
of the atomic separation x for |r) = 70P,/, and |e) = 68S s,
with @y, &~ 27 x 54 GHz. The horizontal purple lines indicate
the laser detuning A,, for facilitating the |g) — |r) transition at a
distance of ay = 6 pm (gray vertical line). The dashed gray
vertical line shows the blockade radius Rf® for the |g) — |e)
excitation. (b) Pair potentials for [r) = 70P, ), and |e) = 455 .
The color scheme is the same as in (a). V,, is not visible on this
scale. In both cases we assumed a magnetic offset field of 5 G.
Calculations have been performed with the “pairinteraction”
software [38].

For an array of 11 atoms, these parameters give an optimal
amplification time of about 25 ps, which leaves about 50 ps
for the sensing before significant atom loss from the tweezer
array. The lifetimes of the Rydberg states are sufficiently
long, with 7, = 193 ps (1.2 ms), 7, = 129 ps (330 ps), and
T455 = 46 ps (91 ps) at 330 K (1 K). Note, that the dark
count probability can be further suppressed by correlations
measurements, as discussed in [31]. The dead time of the
detector is given by the readout time, which is around 10 ms
for a detection scheme in which Rydberg atoms are not
destroyed. Otherwise the dead time is set by the reinitializa-
tion time of the array, which is in the order of some tens of
milliseconds (the cycle rate is thus ~100 Hz) [34,35,39].

In scenario (b) in Fig. 3 the THz frequency is in the range
of wty, ~ 1 THz. Here, the potentials V. and V., are even
weaker than in case (a), as the relevant dipole transition
matrix elements are diminished by a small wave function
overlap. Therefore, all required conditions are naturally
met. The weak interaction of the |e) states also allows us to
reduce the lattice spacing aj, which increases A, and
suppresses the dark count rate further.

Facilitation dynamics and atomic motion—The facilita-
tion mechanism is highly sensitive to the distance between
neighboring atoms [40—42]. We therefore investigate in the
following the impact of atomic motion within the tweezer
traps. For simplicity, we assume the atoms to be trapped in
a state-independent potential [43—46]. Traps are modeled as
harmonic oscillators with frequency v and bosonic low-
ering and rising operators a; and a; acting at site j. This is
valid as long as the atoms are cooled near the motional
ground state (v > kT) with thermal energy kT [47-53].
Coupling between the Rydberg facilitation dynamics and
the vibrational motion is caused by the dependence of the

0.0 0.5 1.0 K= 0.0Qgr KR = 3~OQgr
— = 1.58;

1 0

0 5 10 0 5 10
Ot et

FIG. 4. Impact of atomic motion. (a),(b) Facilitation dynamics,
visible in the spatially resolved S;, for two values of the
electronic-vibrational coupling strength x. Increasing x generally
decreases the signal. (¢) The maximally achievable amplification
(dashed lines and numerical values) decreases as k increases.
Even for moderate coupling strength (x = 3Q,,) the amplification
of a THz-excited Rydberg atom in the |r) state is clearly
observed. In the simulations the trap frequency is v = 8€,,.

interaction potential V. on the interatomic separation x:
Vi = Vi (x). The Hamiltonian H, [Eq. (1)], valid during
the amplification mode, therefore changes to [54,55]

OV (x)
ox

xX=

H,=H, + I/Za;aj + Znﬁonﬁ)lax(j,ﬁl).
J ap

(3)

Note, that we considered here only small (first order)
displacements of the atoms from their equilibrium posi-
tions. These displacements are represented by the operator
SxUD) = 1/ 2mu(a; + a; —ajy - a;H), where m is
the atom mass. The coupling strength between the vibra-
tional degree of freedom and the Rydberg state of the atoms
is then given by x = 1/v2mvd, V. (x)|,—,, [54]. To sim-
ulate the dynamics of the ensuing spin-boson Hamiltonian
we resort to the time-evolving block decimation algorithm
(TEBD) [56-61], and truncate the Fock space of the
harmonic oscillators at a maximum of 7 phonons.

Figures 4(a) and 4(b) show the dynamics during ampli-
fication mode. While Rydberg excitations, triggered by the
absorption of a THz, are still spreading, we observe in
Fig. 4(c) that the maximally achievable amplification
generally decreases when the coupling strength x between
the vibrational and electronic degrees of freedom is
increased. Nevertheless, for x = l.SQgr there is only a
minimal change compared to the uncoupled case (x = 0),
and even for stronger couplings significant amplification is
possible. Thus, robust trapping with k < v is certainly
advantageous, but efficient amplification is possible when
vibrational atomic motion is present.

Conclusions and future directions—We have discussed a
protocol for a THz photon avalanche detector that
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combines the tunable frequency range of transitions among
Rydberg states with facilitated Rydberg excitation. The
detector offers single photon sensitivity together with a low
dark count rate and fast operation cycle. One possibility to
further enhance the sensitivity of the detector is to use
correlated initial states: rather than initializing all the atoms
in the |e) state one may think of preparing them in a Dicke
state contained in the manifold of |e),|r) states. This would
allow us to collectively (superradiantly) enhance the
absorption of THz photons. However, implementing such
protocol requires switchable interactions between |r) states
and a generalization of the avalanche dynamics into the
many-body regime, i.e., where multiple excitations are
initially present. Beyond the microscopically controlled
optical tweezer arrays, as discussed here, the protocol is
expected to also work in disordered gases as long as
Doppler broadening is significantly smaller than A,,.
The large number of atoms in these gases enhances the
THz absorption probability. At the same time single photon
sensitivity is maintained due to the large signal produced by
the avalanche.
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