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We propose a method to cool a thermal photonic state in a cavity by passing electrons through it.
Electrons are coherently split into two paths, with one path traversing the cavity, becoming entangled with
its photonic state. A sequence of such entanglement interactions can achieve cooling of the cavity, e.g., a
twofold reduction in thermal photon number with a 25% postselection probability. This “which-path”
based approach extends to other qubit-oscillator systems, such as phonons in crystals or optomechanical
resonators, offering a general framework for quantum oscillator cooling.
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Introduction—The interaction between electromagnetic
fields and electrons is a cornerstone of modern electrody-
namics. Since the explanation of the photoelectric effect
a century ago, this field has continued to captivate
researchers, particularly in the study of optical near-field
interactions with free electrons [1–8]. These interactions
provide a platform for probing the quantum properties of
light [9–12]. For instance, Ref. [13] shows that energy-
shaped free electrons in an optical cavity can generate
nonclassical light states such as cat states [14,15] and
Gottesman-Kitaev-Preskill states [16], which are crucial for
quantum error correction [17–20]. Such studies are part of
free-electron quantum optics [10,13,21–23], facilitating the
electron-photon and electron-electron interactions for spec-
troscopy and microscopy [12,24,25], quantum light sources
[13,26], and quantum information processing [27]. In all of
these cases, electrons act as unique flying qubits, perform-
ing strong ultrafast interactions.
A key bottleneck for these prospects is achieving strong

electron-photon interactions [28–33]. The leading schemes
involve photonic cavity designs at various frequencies
[6,30,34,35]. At low frequencies, relevant for most electron
technologies, the quantum features of the interaction are
highly temperature-sensitive. Key phenomena, such as
electron-photon entanglement [10], require cooling the
cavity close to the vacuum state. More broadly, for many
quantum technologies, thermal decoherence at finite tem-
peratures hinders state control [36–38]. Thermal photons
obstruct high-fidelity quantum operations [39], reducing
purity and coherence [40].
We propose cooling photonic modes via free-electron

interactions with photonic structures. This represents a
specific instance of quantum measurement-induced thermo-
dynamic control [41]. Our scheme uses electron-photon

interactions to implement a conditional displacement oper-
ator, enabling cavity cooling. While established feedback-
based methods rely on real-time measurement and active
control to manipulate the cavity state [42], our approach
achieves cooling via interferencewithout the need for active
feedback. It can also direct a feed-forward scheme by
altering consequent electrons. In this sense, our method
resembles the measurement-induced state creation tech-
nique [43], introducing a probabilistic element. We analyze
the cooling efficiency and the corresponding postselection
probability as functions of interaction parameters and
cavity properties.
Our free-electron cooling scheme can be viewed as a

many-body “which-path” experiment [25] with the cavity
acting as a detector. For optical cavities or other nano-
photonic structures, the electron-photon interaction can
be realized via photon-induced near-field electron micros-
copy [1] in transmission electron microscopes, a rapidly
developing field with expanding capabilities [4,6,7]. The
which-path cooling approach is not limited to cavities, but
also applies to phonons and photonic quasiparticles in
solids [44,45], and vibrational and rotational excitations in
molecules [46]. This concept can also be extended to
energetic particles beyond electrons, such as x-ray photons
or neutrons [47,48].
Results—A quantum harmonic oscillator in a thermal

state can be described by the following density matrix [49]:

ρn̄ ¼
1

n̄þ 1

X∞

n¼0

�
n̄

n̄þ 1

�
n
jnihnj; ð1Þ

where n̄ ¼ ðexpðℏω=kTÞ − 1Þ−1 is the average number of
thermal photons, ω is the oscillator frequency, T the
temperature, and jni the n-particle Fock state. Our goal
is to reduce n̄, thus lowering the temperature.
Alternatively, a quantum state can be described by the

Wigner function [50], a quasiprobability distribution in the
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phase space. For the thermal state ρn̄, it reads [51] as
follows:

Wn̄ðx; pÞ ¼
1

πð2n̄þ 1Þ exp
�
−
x2 þ p2

2n̄þ 1

�
: ð2Þ

Here, x and p are dimensionless position and momentum
quadratures. The thermal Wigner function is a symmetric
origin-centered Gaussian, similar to the vacuum Wigner
function W0ðx; pÞ ¼ Wn̄¼0ðx; pÞ, but with larger variances
in both x and p. Because of the absence of a defined phase
for a thermal state, its photon number cannot be reduced by
regular displacement operations.
A system coupled to a bath thermalizes according to the

Lindblad equation [52], which for an oscillator reads

ρ̇ ¼ κ

2
ðnb þ 1Þð2aρa† − a†aρ − ρa†aÞ

þ κ

2
nbð2a†ρa − aa†ρ − ρaa†Þ; ð3Þ

where κ is the dissipation rate, nb is the bath photon
number, a and a† are the annihilation and creation
operators. Thermalization brings the system to its thermal
equilibrium, i.e., for t ≫ κ−1, the state converges to (1) with
n̄ ¼ nb, independent of the initial state [52–54].

Our cooling scheme relies on free-electron interactions
with photonic structures in a transmission electron micro-
scope [2,3,10]. We consider microwave cavities, where the
photonic mode frequency ω is much lower than the electron
energy uncertainty. The scattering matrix for the electron-
cavity interaction is the displacement operator [10,14,21],

DðgQÞ ¼ exp ðgQa† − g�QaÞ: ð4Þ

It shifts the oscillator state in phase space (equivalent to
shifting a classical field), acting on the Wigner function
as WDðgQÞjψiðx; pÞ ¼ Wjψiðx −

ffiffiffi
2

p
ℜgQ; p −

ffiffiffi
2

p
ℑgQÞ [14].

The interaction parameter gQ characterizes the coupling
strength between the electron and the cavity [2,3,10].
We propose a cavity cooling method based on electron

interference and postselection. Similar to the iconic which-
path experiment, electrons are first split into two paths,
as in split-illumination holography [55]. We label the
electron’s left (right) path as j0i (j1i), so that before
passing through the cavity, the electron state is jþi ¼
ðj0i þ j1iÞ= ffiffiffi

2
p

. The cavity is placed along one path (the
right path in this setup), as illustrated in Fig. 1. The
scattering matrix then changes from the displacement
operator (4) to the conditional displacement (CD),

FIG. 1. Cavity cooling via free-electron interactions. (a) Electrons pass through a beam splitter with time interval δt and are split into
two paths. The right path (j1i) interacts with the cavity. The electron is measured in the j�i basis by observing where it hits the screen
relative to the fringes of the interference pattern. (b) Equivalent quantum circuit of one cooling cycle illustrated as a single oscillator
cooling block (OCB). (c) Number of thermal photons n̄ðkÞ as a function of the number of OCB iterations k. The initial state is thermal
with n̄ð0Þ ¼ 5, and the electron-cavity interaction parameter is set to gQ ¼ 0.1. (d1)–(d3) Wigner functions of the states (c1)–(c3) after 4,
16, and 36 OCB iterations, respectively, as functions of quadratures x and p.
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CDðgQÞ ¼ j0ih0j1þ j1ih1jDðgQÞ: ð5Þ

The projectors j0ih0j and j1ih1j operate on the electron
state, while 1 and DðgQÞ act on the cavity. CD can be
thought of as a continuous-variable analog of the CNOT gate
[56]: it shifts the photonic state when the electron state is
j1i, and acts as identity otherwise. Thus, it entangles the
electron and the cavity, and, like CNOT, enables universal
control in the joint Hilbert space [57].
The adjoint circuit in Fig. 1(b) “translates” the electron-

cavity interaction into the quantum-gate framework. It
combines continuous- and discrete-variable quantum infor-
mation processes, with displacement operators acting on
the oscillator (cavity), controlled by the qubits (electrons).
Four consecutive CD operators form an “oscillator cooling
block” (OCB), which can be repeated to improve the
cooling efficiency.
The electron state after interaction is determined via

its interference pattern [25]. Detecting the electron at an
even (odd) fringe corresponds to the measurement outcome
jþi (j−i). Measuring the electron in the j�i basis is
equivalent to applying the following Kraus operator to
the photonic mode [58]:

h�jCDðgQÞjþi ¼ D�ðgQÞ ¼
1

2
ð1�DðgQÞÞ; ð6Þ

with the mean value taken over the electron state (path). For
a detailed discussion of Kraus operators in the context of
projective measurements, see Ref. [59].
Following the “sharpen” method from Ref. [43], we

apply the sequence CDð−igQÞCDð−gQÞCDðigQÞCDðgQÞ
to cool the cavity state. After each CD, the electron is
measured and postselected in the jþi state (see Fig. S1 in
Supplemental Material [60]). When the heat exchange with
the bath is negligible (κ ¼ 0), the OCB can be represented
as a product of Kraus operators (6),

DOCBðgQÞ ¼ Dþð−igQÞDþð−gQÞDþðigQÞDþðgQÞ: ð7Þ

If jgQj ≪ 1, the operator DOCB causes a photon number
decrease—also applying to photonic states beyond thermal.
Specifically, let the initial state be ρ. AfterDOCB, the state is
ρ0 ¼ NDOCBðgQÞρD†

OCBðgQÞ, with normalization factor
N . The probability that all four electrons are postselected
in the jþi state is

P ¼ 1 − jgQj2ð2ha†aiρ þ 1Þ þOðjgQj4Þ: ð8Þ

Here, h…iρ denotes the expectation value over the state ρ.
The photon numbers before and after the OCB, ha†aiρ and
ha†aiρ0 , are related as

ha†aiρ0 ¼ ha†aiρ − 2jgQj2ðhða†aÞ2iρ − ha†ai2ρÞ
þOðjgQj4Þ: ð9Þ

Thus, for small jgQj, the OCB reduces the photon number,
except for Fock states ρ ¼ jmihmj. An example of cooling
a coherent state ρ ¼ jαihαj via DOCB is given in
Supplemental Material (Fig. S2) [60].
The OCB cooling mechanism can be visualized via the

Wigner function. For real gQ, the operators Dþð�gQÞ
produce effective squeezing along the x quadrature, while
Dþð�igQÞ squeeze along p. This “bidirectional squeezing”
narrows the Wigner distribution, reducing the photon
number (see Supplemental Material for details [60]).
For a multimode cavity, the interaction in Eq. (5) occurs

for all L modes with parameters gðlÞQ , l ¼ 1;…; L: CD ¼
CDðgð1ÞQ Þ ⊗ … ⊗ CDðgðLÞQ Þ. Thus, each mode is cooled
independently, with the efficiency set by its gQ. Creating

FIG. 2. Dynamics of the photon number and postselection
probability. Time evolution of (a) the photon number n̄ðtÞ and
(b) the postselection probability PsuccðtÞ. Time is normalized
by the dissipation rate κ. The discontinuities correspond to
applications of conditional displacement (CD) operations.
Different time intervals δt between electrons are denoted by
colors. Circle markers indicate the moments when the photon
number stabilizes within a 1% accuracy (comparing adjacent
maxima). The ne values in the boxes indicate the number of
electrons needed to achieve this stable regime. The parameters
are gQ ¼ 0.1 and n̄ð0Þ ¼ 1.
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the full OCB cycle for each mode requires the interaction
phase control, e.g., for creating CDðigQÞ. It can be done by
setting the electron arrival time, which must be synchron-
ized for different modes. Advances in microwave cavity
engineering enable the selective suppression of all but a
single mode [61,62]. Additional suppression is possible by
controlling the electron position and velocity, relying on the
phase matching [7,8]. These methods allow isolating the
dynamics of the dominant mode with the largest jgQj,
which we analyze below.
For an initial thermal state with the photon number n̄ð0Þ,

Eqs. (8) and (9) yield the photon number and the post-
selection probability after one OCB,

n̄ð1Þ ≈ n̄ð0Þ
�
1 − 2jgQj2ðn̄ð0Þ þ 1Þ�; ð10Þ

Pð1Þ ≈ 1 − jgQj2
�
2n̄ð0Þ þ 1

�
: ð11Þ

The choice of interaction parameter gQ and number of
cooling cycles k involves a trade-off between the desired
cooling efficiency and the acceptable probability threshold
(see also Eqs. (S12) and (S13) in Supplemental Material
[60]). Figure 1(c) shows gradual photon number decrease
with more cooling operations. Figures 1(d1)–1(d3) show
the Wigner functions of the states (c1)–(c3), respectively.
The key question is how efficient the approach is when

κ ≠ 0, i.e., when the cavity interacts with the bath.

To address this, we model the sequential application of CD
operators with time interval δt, while the system evolves
under Eq. (3). We simulate this process [63] using the QuTiP

package [64] and present the results in Fig. 2.
Figure 2(a) presents the evolution of n̄ðtÞ—the number

of thermal photons at time t. It shows a sawtooth pattern:
jumps correspond to CD operators (assuming instantaneous
electron-cavity interaction), while the gradual rise between
them arises from thermalization. After several cooling
cycles, stable regime is reached, when the CD-induced
cooling balances the heating. We define the stable regime to
begin when the adjacent maxima differ by less than 1%
(indicated by circle markers) and denote the corresponding
photon number as n̄f . The number of electrons ne needed to
reach this regime, depends on gQ, δt, and the n̄ðtÞ accuracy
threshold (1%). The values of ne are shown in the boxes
in Fig. 2(a). After achieving the stable regime, further
cooling requires decreasing δt or varying gQ. Our findings
show that the stable state closely approximates thermal
state with photon number n̄f, reaching fidelity of 99%
or higher. The oscillation magnitude of n̄ðtÞ at the
stable regime can be estimated as δn̄ ≈ κδtðnb − n̄fÞ (see
Supplemental Material [60]).
Figure 2(b) shows the time evolution of the successful

postselection probability PsuccðtÞ—the probability that all
electrons up to time t are measured in the jþi state. Each
CD application is followed by a postselection, causing a

FIG. 3. Cooling efficiency and success probability as functions of the interaction parameter and electron-electron time interval. The
heat maps present the ratio between the final and initial thermal photon numbers n̄f=n̄ð0Þ (a) and the postselection probability Pf (b), both
as a function of gQ (horizontal) and δt (vertical). White dashed curves highlight contours with specific values. Slices of the heat map are
presented for fixed time intervals δt ¼ ð0.1=κÞ (a1),(b1) and δt ¼ ð0.2=κÞ (a2),(b2), and for fixed interaction constants gQ ¼ 0.3
(a3),(b3) and gQ ¼ 0.6 (a4),(b4).
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drop in probability. Pf denotes PsuccðtÞ at the onset of the
stable regime (circle markers). Its value is sensitive to the
photon number accuracy threshold and increases when
the requirement for n̄ is less strict.
Figure 3 shows the cooling performance: the final-to-

initial photon number ratio n̄f=n̄ð0Þ [Fig. 3(a)] and the final
postselection probability Pf [Fig. 3(b)] as functions of gQ
and δt. White dashed lines indicate specific ratio and
probability values, labeled on the plots. Auxiliary subplots
show slices of the heat maps for fixed δt [Figs. 3(a1), 3(a2),
3(b1), and 3(b2)] and gQ [Figs. 3(a3), 3(a4), 3(b3), and
3(b4)]. The heat maps show that the most effective cooling
occurs at gQ ∼ 0.6 and κδt ≪ 0.1, resulting in a tenfold
photon-number reduction but with success probabilities
below 5%. More moderate cooling, e.g., twofold photon-
number reduction, can be achieved with probabilities above
25%. It can be realized with ne ¼ 40 cooling electrons.
Discussion—The results underscore a trade-off between

cooling efficiency and postselection probability. Stronger
interactions and shorter electron intervals enhance cooling
but reduce probability, so practical implementation must
balance these factors. For a 20 GHz cavity, reducing
the photon number from 1 to 0.5, attainable with 25%
probability, corresponds to a temperature drop from 1.4 to
0.9 K. The former is achievable via liquid-helium precool-
ing [65]; the latter is desirable for free-electron quantum
optics experiments [23], though still above the millikelvin
regime relevant to some quantum electron microscopy
proposals [66–68]. Stronger cooling is possible with our
protocol, albeit at lower success probabilities.
The experimental realization of cavity cooling with free

electrons requires several demonstrated advances not yet
combined in a single setup. Transverse coherence for
electron holography reaches tens of microns [69], sufficient
for microwave cavity scales. Beam splitter fidelity can
exceed 50% [70], enabling effective cooling, with further
improvements underway [71]. Precise electron arrival-time
control is also essential: GHz-THz cavities require subcycle
synchronization, attainable with laser-driven and cavity-
controlled microscopes [72,73]. Attosecond-scale control
has been demonstrated [5,74,75], far exceeding our require-
ments. The electron flux must surpass the thermal dis-
sipation rate; present ultrafast transmission electron
microscopes provide sufficient currents, especially when
combined with high-Q cavities, where superconducting
resonators reach millisecond photon lifetimes. For exam-
ple, a 10-ms photon lifetime corresponds to Q ∼ 7 × 108 at
10 GHz [61]. For electron arrival intervals δt ∼ 0.1 μs [76],
twofold cooling occurs within ∼4 μs, well below the
photon lifetime. With a 25% success probability, the
effective rate is then ∼6.2 × 104 cooling events per second.
A promising application of this cooling technique is

suppressing thermal noise in microwave cavities and
detectors [77], relevant to quantum electron microscopy
[66–68,78] and dark-matter searches [79,80]. An analog

applies to optical cavities, advancing quantum optics
toward novel light sources. More broadly, our which-path
scheme extends to other oscillator systems, including
phonons and polaritons in solids [44,45], and vibrational
or rotational modes in molecules [46]. The universality
stems from the common interaction Hamiltonian, as
revealed by electron-energy loss spectroscopy, where these
excitations imprint similarly on the electron spectrum
[81,82]. The concept may further extend to other energetic
probes, such as x-rays [47] or neutrons [48], which we
leave for future investigation.
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