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Terahertz quantum illumination using free-electron lasers
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We propose a terahertz quantum illumination (QI) scheme utilizing emissions from free-electron lasers
(FELs) based on joint photon number measurement and quantum state discrimination using maximum a
posteriori estimation. We analyze the performance of our QI scheme and quantify it with error probabil-
ities. We numerically demonstrate the quantum advantage of our QI scheme over classical illumination.
Our work paves the way to using FELs as entangled photon sources for quantum illumination in the
terahertz regime.
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I. INTRODUCTION

The terahertz (THz) frequency regime (0.1–10 THz)
of the electromagnetic spectrum draws growing interest
in various areas from both scientific and technological
perspectives. The past decade has witnessed progress in
this area with the development of terahertz imaging [1–3]
and radar technologies [4–6] for its noninvasive inspec-
tion of semiconductors and biological tissues as well as
its improved resolving power and larger bandwidth over
microwave frequencies. Yet, deployment of such technolo-
gies demands high-performance terahertz sources [7–10]
and detectors [11–14].

Meanwhile, quantum illumination (QI) by nonclassical
light can provide better performance than classical light
when detecting and imaging objects in the presence of
high levels of noise and loss [15]. QI has been studied
theoretically in optical [16–18] and microwave [19,20]
frequencies, and experimentally demonstrated in optical
frequencies for different entangled degrees of freedom
[21–23]. However, quantum illumination with terahertz
photons has not been investigated to date.

Here we propose a terahertz quantum illumination
scheme with a free-electron laser (FEL) as a nonclassi-
cal light source. We showcase that the FEL can efficiently
generate entangled photon pairs of terahertz frequency, the
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states of which are approximately Bell states in the polar-
ization degree of freedom. Then we elaborate on the QI
scheme, which is based on joint photon number measure-
ments and a quantum state discrimination strategy, and
analyze its performance quantified by error probabilities.
We numerically demonstrate the quantum advantage of our
QI scheme over classical illumination with the same light
intensity.

II. ENTANGLED TERAHERTZ EMISSION FROM
FEL

In Fig. 1 we sketch the terahertz QI scheme with entan-
gled emission from a FEL. Figure 1(a) shows the FEL
process in the laboratory frame. A relativistic electron
bunch travels through an undulator and interacts with the
magnetic field inside, resulting in electron microbunching
and amplified emission.

To facilitate the characterization of the emission from
the FEL, we shift to the electron frame (EF), where the
incident electron bunch has a zero mean initial velocity.
Using the Weizsäcker-Williams theory [24], the emis-
sion from the FEL can be approximated as the scattering
of the undulator-transformed quasielectromagnetic wave
from the electron bunch in the EF, which can be calculated
with quantum electrodynamics theory, as demonstrated in
our previous work [25]. Double emissions entangled in
both energy and polarization can be generated in certain
directions.

2331-7019/24/21(6)/064021(7) 064021-1 © 2024 American Physical Society

https://orcid.org/0000-0002-0496-403X
https://ror.org/007nf8q70
https://ror.org/02v51f717
https://ror.org/01rxvg760
https://ror.org/01rxvg760
https://ror.org/04c4dkn09
https://ror.org/03y3e3s17
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.21.064021&domain=pdf&date_stamp=2024-06-10
http://dx.doi.org/10.1103/PhysRevApplied.21.064021


ZHANG, ZHAO, XU, and LI PHYS. REV. APPLIED 21, 064021 (2024)

(a)
Undulator magnets

THz 
emission

pulse

Electron 
micro-

bunches

Lab
frame

?
Filtered 

illumination 
pulse

Target region

Joint 
measurement 

system

Signal

Idler

Return

(b)

FIG. 1. Schematic of terahertz quantum illumination by entan-
gled emission from a FEL. (a) Illustration of entangled emission
from a FEL in the laboratory frame. In such a frame, premi-
crobunched electrons are injected into an undulator and generate
terahertz emission via wiggling motion. The resulting emission
has nonlinear components dominated by double emission. (b)
Schematic of a terahertz quantum illumination system. After fil-
tering, the two-mode emission from the FEL is directed to the
QI system. Photons in one beam act as the probe to illuminate
the target region, while photons in the other beam are sent to the
detector as ancilla. By a joint measurement we can determine
whether an object is present in the target region.

With the FEL parameters in Table I, we numer-
ically simulate the entangled terahertz emission with
ω1 � ωfd/3 = 2π × 0.566 THz and ω2 � 5ωfd/3 = 2π ×
2.83 THz, and the configuration of the system is shown
in Fig. 2(a). The differential emission rate and the concur-
rence of the double emission for various angular configu-
rations are illustrated in Figs. 2(b) and 2(c), respectively.
Certain angular configurations can result in emitted pho-
ton pairs approximately in Bell states. The density matrix
ρ̂f of the emitted photon pair for the configuration repre-
sented by the green and yellow dots in Figs. 2(b) and 2(c)
is shown in Fig. 2(d).

III. THEORY OF TERAHERTZ QUANTUM
ILLUMINATION USING FEL

The main goal of QI is to determine whether a reflec-
tive object exists in a target region that has a bright noise
bath as background [27]. In classical illumination, pho-
tons with density matrix of ρ̂cl are used to probe the
target region. If the object is absent, the observed sig-
nal contains only the background with density matrix of
ρ̂b, and thus the observed density matrix ρ̂

(0)

cl = ρ̂b. If the
target exists, the observed density matrix has a form of
ρ̂

(1)

cl = κρ̂cl + (1 − κ)ρ̂b, where the superscript 0, 1 labels

1

2

2

2

1

Undulator

Far-field speckle

axis

0.0

0.2

0.4

0.6

0.8

1.0

0

90

1
8
0

270

0

90

1
8
0

270

Differential emission rate

Concurrence

1

= 0.99

0.0

0.5

1.0

0

0

0

0

0

1

0

90

1
8
0

270

Differential e

0

emission ratee

0

90

1
8
0

270

Concu

0

urrenceu

(a)

(b)

(c)

(d)

FIG. 2. Entangled emission from the FEL. (a) Illustration of
the angular configuration parameters in (b),(c). Z1,2 and A1,2 are
the zenith angles and the azimuth angles of the three-momentum
k1, k2 of the emitted photons, which are defined with respect to
the point S at the center of undulator for far-field measurement.
(b) Normalized double angular distribution of the differential
scattering rate dẆ

dk0
1d�1d�2

in the laboratory frame by numeri-

cal simulation, where k0
1 = ω1 is the energy of photon 1 and

�1 and �2 are the solid angles of the emitted photon pair. (c)
Double angular distribution of the concurrence C by numeri-
cal simulation. In (b),(c), the polar angle and the radii refer to
A2 ∈ [0, 2π ] and γ tan(Z2) ∈ [0, 1] for photon 2, where γ is the
Lorentz factor of the incident electrons. The black and purple
dots represent different angular configurations of photon 1 for
each plot. We choose ω1 � ωfd/3 and ω2 � 5ωfd/3. (d) Reduced
density matrix ρ̂f for the chosen angular configuration of the pho-
ton pair with γ tan(Z1) = 0.36, γ tan(Z2) = 0.55, A1 = 90◦ = A2,
where the concurrence C = 0.99 indicates nearly optimal entan-
glement, and the scattering rate is relatively high. In (b),(c), this
angular configuration is marked with the purple point represent-
ing photon 1 and the yellow point representing photon 2. The
density matrix corresponds to a Bell state approximately, which
is useful for QI.

the absence and presence of the object, respectively, and
κ contains information about reflection and propagation of
the probe photon. With a series of repeated measurements,
a discrimination between two quantum state candidates
ρ̂

(0)

cl and ρ̂
(1)

cl is performed to determine whether the object
is present or not in the target region.

TABLE I. The free-electron laser parameters for numerical simulation in this work, based on the terahertz beamline of FLASH FEL
[26].

Electron energy 0.5 GeV Number of periods 20
Charge per bunch 0.50 pC Fundamental wavelength 177 µm
Repetition rate 5.0 kHz RMS bunch length 10 µm
Undulator field 1.1 T Emission pulse FWHM approximately 1 ps
Undulator period 40 cm
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In quantum illumination, nonclassical light is utilized to
better observe the object in the target region. We use pho-
tons from signal and idler modes with joint density matrix
of ρ̂qu. Photons of the signal mode are sent to probe the
target region, while those in the idler mode are directly
sent to the detector. We make joint measurement on the
return mode from the target region and the idler mode.
When the object is absent, the photons collected from the
target region are purely from the background, and thus
the observed density matrix is ρ̂(0)

qu = ρ̂b ⊗ TrS[ρ̂qu], where
TrS is the partial trace over the signal mode. When the
object is present, the observed density matrix has a form
of ρ̂(1)

qu = κρ̂qu + (1 − κ)ρ̂b ⊗ TrS[ρ̂qu]. Here the presence
of the object can be determined from the discrimination
between ρ̂(0)

qu and ρ̂(1)
qu . For joint detection of terahertz pho-

tons, we also need to consider the background noise in the
idler mode.

Now we consider the density matrix of the FEL-
emitted photons in Fock basis, i.e., ρ̂qu = ρ̂Fock

FEL . The
diagonal components of the density matrix ρ̂Fock

FEL can be
denoted as N0|0S0I〉〈0S0I|, NS|1S0I〉〈1S0I|, NI|0S1I〉〈0S1I|,
and NC|1S1I〉〈1S1I|, where 0 < NC, NS, NI � N0 < 1 can
be calculated from the scattering theory and satisfy NC +
NS + NI + N0 � 1.

Then we introduce thermal noises on both the return
mode and the idler mode with the form of ρ̂ th(N̄b) =
∑+∞

j =0 wb(j )|j 〉〈j |, where wb(j ) = [N̄ j
b /(N̄b + 1)j +1], and

the average photon number N̄b = N̄bR for the return mode
and N̄b = N̄bI for the idler mode. The density matrices are
ρ̂bS = ρ̂ th(N̄bS) and ρ̂bI = ρ̂ th(N̄bI) for single-mode ther-
mal states. Similar to κ for the return mode, we use another
mixed ratio ζ to reflect the weight of the quantum sig-
nal relative to the background noise in the idler mode.
The density matrix with the background on both modes is
obtained as

ρ̂(0)
qu = ζ ρ̂bS ⊗ TrS[ρ̂qu] + (1 − ζ )ρ̂bS ⊗ ρ̂bI,

ρ̂(1)
qu = κ

{
ζ ρ̂qu + (1 − ζ )TrI[ρ̂qu] ⊗ ρ̂bI

}
+ (1 − κ)ρ̂(0)

qu .

(1)

Accordingly, we can obtain the diagonal elements d(0)
mn =

ρ(0)
qu,mn,mn and d(1)

mn = ρ(1)
qu,mn,mn of the two density matrices

ρ̂(0)
qu and ρ̂(1)

qu to be discriminated in QI as follows:

d(0)
mn = wbR(m)[ζ δn0(N0 + NS) + ζ δn1(NI + NC)

+ (1 − ζ )wbI(n)] (2)

and

d(1)
mn = κ{ζ(δm0δn0N0 + δm1δn0NS + δm0δn1NI

+ δm1δn1NC) + (1 − ζ )[δm0(N0 + NI)

+ δm1(NS + NC)]wbI(n)} + (1 − κ)d(0)
mn , (3)

respectively, where m, n = 0, 1, 2, . . . refer to the photon
numbers on the return and idler modes.

We now consider a direct joint photon number measure-
ment scheme of QI, as shown in Fig. 1(b). Via spatial and
spectral filtering, we acquire two modes of the emission
from the FEL that contains the double emission compo-
nent for QI application. Each emission pulse is used as an
illumination pulse.

For practical instruments, the timescales satisfy trep 

tres 
 tpul, where trep refers to the time interval between
adjacent illumination pulses, tres refers to the time reso-
lution of the THz photodetectors, and tpul refers to the
duration of the illumination pulse. Thus, the joint measure-
ment system with two THz photodetectors can determine
whether photons in the return and idler modes are from
the same illumination pulse, but without detailed resolu-
tion within each pulse. Even with such a limited practical
measurement of photon numbers in the return and idler
modes, we can still determine the presence of the target
with enhanced accuracy.

We propose a discrimination procedure based on the
principle of maximum a posteriori estimation (MAPE)
[28], which is schematically demonstrated in Fig. 3. There
are four different outcome combinations from the joint
measurement of the return and idler modes, i.e., no photons
are received by either photodetector, photons from the idler
and return modes are received by both photodetectors, only
photons in the return mode are received by the correspond-
ing photodetector, and only photons from the idler mode
are received by the corresponding photodetector. We label
such outcome combinations with O, C, R, and I, respec-
tively. As shown in Fig. 3(a), for a joint measurement with
M illumination pulses, we can obtain the corresponding
count numbers for each outcome combination, denoted by
an ordinal array 〈MO, MR, MI, MC〉.

When the object is absent in the target region, denoted
by the superscript (0), the probabilities of observing O, R,
I and C are related to the diagonal elements of the observed
density matrix ρ̂(0)

qu in Eq. (2) via d(0)

O = d(0)

00 , d(0)
R =

∑+∞
m=1 d(0)

m0, d(0)
I = ∑+∞

n=1 d(0)

0n , d(0)

C = ∑+∞
m,n=1 d(0)

mn . When
the object is present in the target region, denoted by the
superscript (1), the probabilities of observing O, R, I and
C are related to the diagonal elements of the observed den-
sity matrix ρ̂(1)

qu in Eq. (3) via d(1)

O = d(1)

00 , d(1)
R = ∑+∞

m=1 d(1)

m0,
d(1)

I = ∑+∞
n=1 d(1)

0n , d(1)

C = ∑+∞
m,n=1 d(1)

mn . Also, the property of
density matrices guarantees that d(j )

O + d(j )
R + d(j )

I + d(j )
C =

1. For the case j = 0, 1, with M illumination pulses we
will obtain the ordinal array 〈MO, MR, MI, MC〉 as a 4-tuple
random vector that obeys a multinomial distribution with a
joint probability mass function of

P(〈MO, MR, MI, MC〉|j ) = CMn(MO, MR, MI, MC)(d(j )
O )MO

× (d(j )
R )MR(d(j )

I )MI(d(j )
C )MC (4)
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(a)

(b)

FIG. 3. Discrimination procedure of the QI scheme based on
direct joint photon number measurement. (a) Joint photon mea-
surement process. For each illumination pulse, we use THz
photodectors to record the photons from the return and idler
modes. The filled and open rectangles refer to the cases that at
least one photon is observed and that no photon is observed,
respectively. With the outcomes from both photodectors for each
illumination pulse, we can obtain the total count numbers MO,
MR, MI, and MC for different outcome combinations of the joint
measurement, and M = MO + MR + MI + MC is the total num-
ber of illumination pulses. Here the subscript O denotes the
outcome combination that no photons are received by either
photodector, subscript C denotes the outcome combination that
photons from the return and idler modes are received by both
photodetectors, subscript R denotes the outcome combination
that only photons in the return mode are received by the cor-
responding photodetector, and subscript I denotes the outcome
combination that only photons from the idler mode are received
by the corresponding photodetector. (b) Determination of the
presence of the object based on the principle of MAPE with
the count numbers MO, MR, MI, MC. Specifically, for a certain
prior distribution, we can calculate the conditional or poste-
rior probabilities Ppo(0) = P(0|〈MO, MR, MI, MC〉) and Ppo(1) =
P(1|〈MO, MR, MI, MC〉) via the Bayesian theorem. If Ppo(0) <

Ppo(1), we decide that there is an object in the target region,
otherwise the object is absent.

for any 〈MO, MR, MI, MC〉 with all elements being non-
negative integers that satisfy MO + MR + MI + MC =
M and otherwise P(〈MO, MR, MI, MC〉|j ) = 0. Here CMn
(MO, MR, MI, MC) = 
(M )/[
(MO)
(MR)
(MI)
(MC)]
is the multinomial coefficient and 
 is the gamma function.

Based on the knowledge above and a prior distribution
{Ppr(0), Ppr(1)}, we can calculate the conditional probabil-
ities P(0|〈MO, MR, MI, MC〉) and P(1|〈MO, MR, MI, MC〉)

via the Bayesian theorem:

P(j |〈MO, MR, MI, MC〉) = P(〈MO, MR, MI, MC〉|j )Ppr(j )
P(〈MO, MR, MI, MC〉)

= Ppr(j )Fj

Ppr(0)F0 + Ppr(1)F1
, (5)

where P(〈MO, MR, MI, MC〉) = P(〈MO, MR, MI, MC〉|0)

Ppr(0) + P(〈MO, MR, MI, MC〉|1)Ppr(1) and Fj = (d(j )
O )MO

(d(j )
R )MR × (d(j )

I )MI(d(j )
C )MC for j = 0, 1. In Bayesian the-

ory, one calls such conditional probabilities as posterior
probabilities Ppo(j ) = P(j |〈MO, MR, MI, MC〉). We make
a judgement based on the posterior probabilities Ppo(j ).
If Ppo(0) < Ppo(1), we decide that there is an object in
the target region. Otherwise, we decide that the object is
absent in the target region. Such a judgement procedure is
in essence a maximum a posteriori estimation.

For any specific array of count numbers 〈MO, MR,
MI, MC〉 with M illumination pulses, we obtain the pos-
terior probabilities Ppo(j ) with j = 0, 1. We can further
evaluate the performance of the MAPE procedure by the
error probability PMAPE

err (M ) defined as

PMAPE
err (M ) =

∑

〈MO,MR,MI,MC〉
P(〈MO, MR, MI, MC〉)

× inf({Ppo(0), Ppo(1)})
=

∑

〈MO,MR,MI,MC〉
CMn(MO, MR, MI, MC)

× inf({Ppr(0)F0, Ppr(1)F1}), (6)

where inf() refers to the infimum of the given set.
For comparison, we also consider the classical illumina-

tion scheme using a coherent state with the same average
number NA of probe photons as the signal mode, i.e., NA =
NS + NC. The error probability of the classical illumination
scheme satisfies Perr,cl(M ) ≤ exp(−MκNA/4N̄bR)/2 and
Perr,cl(M ) ≥ [1 −

√
1 − exp(−MκNA/2N̄bR)]/2 [16,29].

IV. NUMERICAL SIMULATION OF TERAHERTZ
QUANTUM ILLUMINATION USING FEL

We now carry out a numerical simulation of THz QI.
The parameters of the FEL are shown in Table I, and the
proposed THz photon detection can be implemented with
quantum capacitance detectors at THz frequency [13].

By numerically calculating the emission rates of the sig-
nal and idler modes, we can obtain NC, NS, NI, N0 in Eqs.
(2) and (3) as
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NC = ND + (�S − ND)(�I − ND),

NS = (�S − ND)(1 − �I),

NI = (�I − ND)(1 − �S),

N0 = 1 − NC − NS − NI ,

(7)

where

ND = Fmbtpass

∫

��1

d�1

∫

��2

d�2

∫ ω+
1

ω−
1

dk0
1

dẆ
dk0

1d�1d�2
(n = 2),

�S = Fmbtpass

{∫

d�1

∫

��2

d�2

∫ ω+
2

ω−
2

dk0
2

∑

n

dẆ
dk0

2d�1d�2
(n) + Fs(ω2)

∫

��2

d�2

∫ ω+
2

ω−
2

dk0
2

dẆ
dk0

2d�2

}

,

�I = Fmbtpass

{∫

��1

d�1

∫

d�2

∫ ω+
1

ω−
1

dk0
1

∑

n

dẆ
dk0

1d�1d�2
(n) + Fs(ω1)

∫

��1

d�1

∫ ω+
1

ω−
1

dk0
1

dẆ
dk0

1d�1

}

.

(8)

In Eq. (8), Fmb refers to the microbunching enhancement
factor, which depends only on the electron distribution,
and tpass refers to the time for the electron bunch to pass
through the undulator. We calculate the differential double
emission rates such as dẆ

dk0
2d�1d�2

(n) via the techniques in

our previous work [25], and the differential single emission
rates such as dẆ

dk0
1d�1

as in Ref. [30]. The frequency-relevant

factor Fs(ω) reflects the spectral broadening of the sin-
gle emission, which depends on the shape of the undulator
field.

The incident electron bunch with a charge of 0.50 pC
(referring to electron amount of Ne � 3.12 × 106) is accel-
erated to an average energy of 0.5 GeV (referring to
γ � 978.5). The undulator provides a linearly polarized
magnetic field with an amplitude of 1.1 T and a spatial
period of 40 cm. The corresponding undulator parame-
ter is K � 41.1 [31], and tpass � 26.7 ns. Then we obtain
the fundamental emission wavelength of 177 µm (refer-
ring to the frequency of 1.70 THz), the Pierce parameter of
approximately 0.062, and the coherent length of the elec-
trons about 129 µm [31]. As the electron bunch length
is about 10 µm, which is much smaller than the coher-
ent length, there exists only one microbunch, leading to a
nearly fully coherent emission, i.e., Fmb = N 2

e . The emis-
sion pulse duration is tpul ∼ tpass/γ ∼ 27 ps, while the
resolution time of the coincidence system of the quan-
tum capacitance detectors is tres ∼ 1 ns, and the average
time interval between adjacent emission pulses is trep =
1/5.0 kHz = 200 µs. Thus the condition trep 
 tres 
 tpul
is satisfied, and we can tell whether the photons in the
return and idler modes are from the same illumination
pulse.

To select the entangled photons, we can place a spatial
filter at the far-field region, e.g., 80 m from the undulator,

which is 10 times the undulator length. The filter has two
holes with areas of about 58 and 87 mm2, corresponding to
solid angles of π/363γ 2 and π/242γ 2, respectively. The
first hole is centered at γ tanZ = 0.36, A = π/2 for photon
1 of the idler mode, while the second hole is centered at
γ tanZ = 0.55, A = π/2 for photon 2 of the signal mode.
The entangled component of the filtered emission is shown
in Fig. 2.

To make sure only the photons with energies around
the chosen values are detected, an energy-filtering device
at the THz range can be added in front of the photode-
tectors [13]. We choose the signal mode energy around
ωS = ω2 = 5ωfd/3 � 2π × 2.83 THz and the idler mode
energy around ωI = ω1 = ωfd/3 � 2π × 0.566 THz, both
with energy ranges of [92%, 108%] relative to the chosen
energies, due to the finite size of the holes of the spatial
filter.

To estimate the factor Fs(ω) in Eq. (8), we first con-
sider an undulator with a rectangular profile bearing a
sinusoidal magnetic field with constant amplitude inside
a region with a transverse scale of approximately 1 mm
and a longitudinal scale of 8 m. The resulting energy spec-
trum is of a sinc2 profile, and we can numerically obtain
the component within the energy ranges of the signal and
idler modes, which is approximately 8.1 × 10−4 relative to
the total single emission rate. Then we consider a tapered
undulator towards a polynomial approximation of the opti-
mal Gaussian profile and obtain Fs(ω1) ∼ Fs(ω2) ∼ 10−4

for 20 periods. Thus, the contribution from the single emis-
sion is of a similar order of magnitude to that of the double
emission in this case.

An emittance of the electron bunch of γ ε ∼ 1 mm mrad
and a relative energy spread of 10−3 of the electrons result
in minor effects on the emission rate and the entangle-
ment degree. The emittance of γ ε ∼ 1 mm mrad leads to
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FIG. 4. Error probability of the QI scheme compared with that
of the classical illumination scheme. (a) Schematic of the detec-
tors used in the QI scheme as shown in Fig. 1, based on the quan-
tum capacitance detector [13]. A shielded cryogenic chamber is
used to suppress the thermal noise for the THz photodetector. (b)
Numerical results of the error probabilities of different illumina-
tion schemes. The error probability of the QI scheme with direct
joint photon number measurement and MAPE is significantly
lower than that of the classical illumination scheme. The param-
eters used in the numerical calculations are N̄bR = 200, N̄bI =
0.01, NS = 0.018, NI = 0.059, NC = 0.005, κ = 0.01, ζ = 0.5.

an average beam size of about 10−4 m and a momentum
angular variance of about 10−6 rad. These effects result in
a variance of the emission rate of order 10−3 and a spectral
broadening of order 10−3 according to numerical calcula-
tions, which are much smaller than that caused by the finite
size of the holes of the spatial filter, and can be neglected
in the numerical calculations.

For each illumination pulse, we obtain from Eqs. (7) and
(8) that ND � 0.0039, �S � 0.019, �I � 0.060, and thus
NS � 0.018, NI � 0.059, NC � 0.0050 for such a single
test. For numerical demonstration, we consider the back-
ground noises of N̄bR = 200 and N̄bI = 0.01 for the return
and idler modes as an example. The background noise in
the return mode is assumed to come from a bright bath in
the target region [16]. The background noise in the idler
mode is much smaller, as we assume that there is no bright
bath in the idler path. We choose κ = 0.01 if the object
to be observed is assumed to have very low reflectivity
[16] and ζ = 0.5 if the idler emission and the background
noise in the idler path are of equal weight for the detector.
With these given parameters, we can numerically calcu-
late the error probability of the THz QI scheme with direct
joint photon number measurement and MAPE using Eqs.
(4)–(6) of the MAPE procedure, and compare it with that
of the classical illumination scheme, as shown in Fig. 4.
We can see from the numerical results the advantage of the
QI scheme over classical illumination, which also applies
to other choices of the parameters used in the numerical
demonstration. Such quantum advantage comes from the
existence of the entangled double emission component,

which contains correlated photon pairs on the two selected
modes and makes the two quantum state candidates cor-
responding to the presence and the absence of the target
more distinguishable.

V. CONCLUSIONS

We present a proposal of a terahertz quantum illumina-
tion scheme with a free-electron laser, and theoretically
analyze the terahertz QI scheme with joint photon num-
ber measurements and a discrimination procedure based
on maximum a posteriori estimation. We numerically
demonstrate the advantage of the quantum illumination
scheme over classical illumination. With the terahertz QI
scheme, we can combine the strengths of the terahertz
radiation of large penetration depth and high resolution
with the enhanced accuracy from the quantum advantage,
which can have potential applications in future quantum
imaging and detection technologies, especially for the cir-
cumstances where detection light with extremely weak
intensity is needed.
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