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Fig. 1. Schematic diagram of the NV center level pumping process; the red solid arrow indicates
excitation of the ground state by a 532 nm laser, the solid black arrow represents radiative transition
from the excited state back to the ground state (with a photon emission rate of 70 us™!), and the dashed

black arrow denotes nonradiative transitions.
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Fig. 2. Effect of magnetic field on the ground-state level splitting of the NV center; (a) The ground-state
level splitting varies linearly with the magnetic field. A strong magnetic field induces Zeeman splitting,
lowering the | — 1) level below the |0) level, which are encoded as the excited state |e) and ground state
|g) of a two-level atom, respectively. The inset shows the ground-state level splitting at low magnetic
fields (0-0.2 T). (b) Schematic of the diamond color center crystallographic orientation, where the static
magnetic field B is applied along the {111} crystallographic direction !'”). (c) Simplified structure of the
diamond color center under Zeeman splitting, with energy levels beyond the ground state represented as

blue rectangles.

TEREM (>102.5 mT) BYBESERLIANT, my = £1 BERIAIAYIER PRI 2.8 GHz, LT RAL T
SRR 532 (1~5 MHz P) R E e & i BSOS AN 4 43 24 (2~3 MHz O) | [ B 43 240
W Hzpe PRSI BRSANG B0R Hyp 020 AR 0T NV RGNS, R0 S
nl i feh

H= DS? + 'yeBNVSZ. (2)

5



MHLEAAAEAE Ao = 0 Fl A = D £ By, AIAEEIR BT TIMIRAE [ms = 0) &, |ms = £1) #I6E
PAFHRMITH, o T 2E2 50 Fr P BU BE > R /NS BT si 24X A, 5 Tl ik
AR BT INRE S (5 BRSPS HEE . m = +1 ASHYBBRBERESA KN T, 0 m, = —1 SR RES I BERE
TR M A

Aid, % Byy =102.5 mT i, f&%A |m, = 0) M |m, = —1) HRE T Prd, HAERh
W% Byyv > D/ve = 0.1025 T, AR5 F AR ELFR Y 1B REHTCHE BRI R [m, = 0) BIHE TohE
SHERITE] [ms = —1) BHGL—45PE, REB [ms = 0) M [m, = —1) BHRSERSR, LI ENTZ BT
2 BRSO . EHE B, XAZEE S TRE IR v = Byvye — D, T DA I 38 558 B i 4 )
WY Byv WSEEERIER . AN, 2 Byy > 118 T W, fEZ Ims = 0) Al [m, = —1) Z[A)52BAR SR
ST AR T B 2 R BB, AT ] I T SE B K B2 WARSTHOR . SAG2 KB A T-H0E -

PRAEAS S 6 2 iy LA ) SR P (A SC B 25 . AR SIS SR — B, i ) Y i A B A3
12 T N5k ir e 80 e N O B ESIE S 0 ZOR LR w, = 53.13 GHz 2K 52 3
LI ONE

3 ETRETT NV €0 R L LIE KRR S BOA B R A7 %

FAMTBE T W E B3P R 2 K BRSO SR R S B, 2R Bt /Y O B W SL T (R TR
W& NV GORLE, EROE TR R RS (5 Q) FEHEIEREN, SR RE R
AR PBE BRI IRAE A5 532 nm ZUHHEOL (SEFELFER) St E, i R IR RS
WG, BTES NV @ORERIARER L, TR NV @O0 A MRS —WKE P B AR
AR BT AR AR 2 T 205 . Brpisi s Bom SR 2 K i (5 S i i il & 30 5
IRIRFEEMTARAIE , P TARIY— i DR R 4 e T (U s i, 59— 1 AR S OS2 R
7t 0 25 A T A TS A T AL B A AT R S AT (VNA) DARCHHEXT RGEFEATHN , sliid i
BIRESATAL (SA) SEIMEFE NI . IXRADEEF SN EOR, CFEFEERBEN BB (maser)
WL kRS (Dicke superradiance) P09 A FhERIA NV @0 R TS BT GURA
BT TZMR B, A KB B R B BT (VNA) SO BT (SA) SEBLE S am
R RPN R BTG R AL, PR T BT aE.

6



out

VNA/SA

532nm optical
pumping laser

w
o 22
o Lo
= (@}

0Q (=3

(0]
= 5

7o _dr2 (3
2 s
@ @,

ae]

i)
= S,
@ (¢
—>

B3 ZARPZBARS ARG R —RENIE NV @Ors G g) $oiaemsmiflagE (B2 R,
o d) EIRET d/2 AL, 532 GKIDL (SREIMMAETLITR) TR ZREE S IR A R
Fih BERETR) . RN ORERITRTR) $RE5E NV #im (B 111 &) 39 215Mii%
Byv, %S A EIC A Z J7 .

Fig. 3. Schematic diagram of the millimeter-wave stimulated radiation system; a diamond NV center
sample (cube) is placed at d/2 inside a high-quality cylindrical resonant cavity (radius R, height d), and
is excited by 532 nm light (indicated by green curved arrows); the millimeter-wave signal is extracted by

a toroidal coupling antenna (indicated by brown cylinder). Magnetic poles on both sides of the cavity

(gray cuboids) provide a uniform external magnetic field Byy along the NV axis (i.e., the {111}

crystallographic direction), which is perpendicular to the cavity axis and denoted as the Z direction.
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Fig. 4. Effect of pump rate variation on population inversion. It can be seen that under low-speed
pumping (w ~ wyy,), the inversion number involved in stimulated radiation is S, /N = r4k./4g* =~ 0.13.
In the figure, the region enclosed by the red and blue lines represents the parameter range where
stimulated radiation amplification can be achieved.Here, the other parameters are taken as: Q=5x10%,

we/2m = ws/2m=53.13 GHz, g/27 = 0.445Hz, T ~ 0.5 ps, N=4x10'3.
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Fig. 5. (a) Atomic coherence at different pump rates when N = 4 x 10'3; the black line denotes the
cavity threshold. It can be seen that the quality factor of the cavity must be larger than its threshold to
generate stimulated millimeter-wave radiation. (b) Behavior of the atomic inversion population S,/N as
a function of pump rate and cavity quality factor. It can be seen that the inversion population reaches
its maximum S, = N /2 when the pump rate is wpax/2. Here, the cavity quality factor is taken as

Q=5 x10%
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(a) Output power of stimulated radiation as a function of cavity quality factor and pump rate for a given
atom number N = 4 x 10'3; (b) Output power of stimulated radiation as a function of atom number N
and pump rate at a cavity quality factor Q = 5 x 10%. Other parameters are taken as:

we/2m = w, /21 = 53.13GHz, g/2m = 0.445Hz, Ty ~ 0.5 ps.
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Fig. 7. Stimulated radiation amplification linewidth at different pump rates, where the relevant

parameters are taken as

Q=5 x 10%, w./27 = w, /27 = 53.13GHz, g/2r = 0.445Hz, T; ~ 0.5ps,N = 4 x 10'3.
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Controllable millimeter-wave stimulated radiations

from NV-centres in diamond*

Wang Chen, He Suirong, Li Yufen , Feng Xianing f Wei Lianfu T

( Laboratory of Quantum Information Technology, School of Information Science and

Technology, Southwest Jiaotong University, Chengdu 610031, China)

Abstract

The scarcity of high-quality millimeter-wave coherent light sources constitutes a critical bottleneck
for the development of 6G communications, deep-space exploration, and related fields. Conventional
approaches, such as low-frequency synthesis and high-frequency beating, suffer from low output power
and poor coherence, while cryogenic microwave coherent sources cannot operate at room temperature.
Hence, there is an urgent demand for efficient, stable, millimeter-wave stimulated-emission coherent sources
that function under ambient conditions. Leveraging the unique advantages of the nitrogen-vacancy (NV)
center system—including long spin coherence times at room temperature, optical initializability, and
precise tunability of Zeeman levels—combined with a high-quality-factor millimeter-wave resonator, we
can construct a coupled system of light and artificial atoms operable at room temperature. This paper
proposes a scheme for room-temperature millimeter-wave stimulated emission based on tuning the ground-
state zero-field splitting of diamond NV centers via a strong axial magnetic field, aiming to achieve a

high-quality coherent millimeter-wave radiation source.
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Through Zeeman-level engineering of NV centers under tesla-level magnetic fields, we propose that
by applying a strong axial magnetic field Byy > 1.18 T along the [111] crystallographic direction of
the NV~ center, the radiative transition frequency of the NV-center artificial atom can be shifted into
the millimeter-wave band. Subsequently, a millimeter-wave stimulated-emission system is constructed,
comprising a 2 T superconducting magnet, an ensemble of NV centers in diamond, a high-quality-factor
cylindrical resonant cavity, and a 532 nm pump laser. A diamond single crystal containing ~ 101 NV
centers is placed at the center of the cavity and resonantly coupled to the cavity’ s T'Ey;5 mode. Optical
pumping with 532-nm laser light enables population inversion of the NV centers. The stimulated-emission
millimeter-wave photons can establish coherent oscillation inside the cavity, thereby yielding a coherent
millimeter-wave output. Based on numerical simulations with typical parameters, the threshold conditions
for achieving millimeter-wave stimulated emission are derived, and the linewidth of the obtained coherent
radiation is evaluated. The results indicate that, using a cavity with a quality factor of Q = 5 x 10*
and a diamond sample with N = 4 x 10'3 NV centers, the optimal pumping rate can be attained with a
remarkably low laser-pump threshold of wy, ~ 270 s~!. Under these conditions, the collective coherence
of the atomic ensemble is maximized, enabling the generation of coherent millimeter-wave radiation with
a power exceeding 10~ W (microwatt level) and a linewidth as narrow as 10~ Hz. Higher output power
can be achieved by increasing the number of NV centers, improving the cavity quality factor, or raising

the pump rate.

Specifically, this work demonstrates that, by applying a 2 T axial magnetic field and employing a high-
quality resonator with Q = 5 x 10%, stimulated emission of millimeter waves at a frequency of 53.13 GHz
can be realized at room temperature. Moreover, by adjusting the strength of the applied magnetic field,
it is theoretically feasible to achieve a fully tunable coherent millimeter-wave source covering the en-
tire 30 — 300 GHz band. This provides a viable pathway toward a high-performance room-temperature
millimeter-wave light source. The methodology adopted here—combining quantum Langevin equations
with the mean-field approximation to describe stimulated-emission amplification—can be extended to
other microwave gain-media systems for realizing various coherent radiation sources based on stimulated
emission. In particular, the fact that the coherence properties of NV centers are only weakly affected by
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strong magnetic fields makes the proposed magnetic-field-tuning scheme for millimeter-wave stimulated
emission from diamond color centers experimentally verifiable, paving the way for the generation of highly

coherent wave sources across the entire microwave frequency range.

Keywords: millimeter wave, NV center, stimulated radiation
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