| $ 48 % £ 23 /2021 £ 12 B/ E L

PSR TO 25 B & SE R PR BTG T A 52
IRV, PR, EREY, R BB R BEA AE

VR 2 ) EOR W BT YT B BOR S B S SR E, HOR 22 7300005
PUR VLR B FOGAE R . VL BN 310027

TE RTINS AROE AR B AR ST 00 R IR N A L TSR T B0 By 8 R A R R WO i B R R R R
Hr 7 = S 20 B4 BB 8% 05 58 < TH 2235 ) BB CDFL) St B, Jit 302 3 10 S 5 B0 (ORI St s LA K J 55 5 3 e
B CMRL) S o 33 =B J5 58 349 5R T V8 3 A6 B A D0 . 38 e 080 4 gt 981 2 A K 380 i B8 7 4 80 % i 0 1=
TE BT EE A} L ) P O TR 3 7 A O v B0 I T S R v J0O BT A B OE T AR 1 S A i B L R SR A IR
B B AR IR SR A T = RO S BUROE B RO SURRUE M IR IIE T R R O R IR 32 . SiHR AR R,

DFL J5 22 1 18 BE it 32 P F BT 3R 20 T30 B /e 47 09, CRL M MRL FRRZ . DFL R EE TE R T/ERE., &
i » CRL Al MRL 75 & 0 fa £k 36 6 46 /N6 6 R SE AF T 306 20 ot Ay /N B A Fn 48 i fk
FEW BOCRE; SRR SRS ARG RS BURBE 5 PREEE NP

FESES 0439 XEFRERS A

1 5 =

1962 4 i 155 — & 2F S R O % it
e K M4 B 1 AR A7 U K R L A R 2 20 i
LANLKBRAERIEWZ— . RO 8 DU R
IO s AR SR 2 TR AT 1) 2 . AR L A
BUACHT T 1y 2R 0E T o A v o0 B RO 3 L ORG
O S NS OB R A X EBOE S A B f 1E
AE O AR A5 P i i 1 2 9 78 4 R AR v, Tl
TE A 12 5 T IO 8 018 2 H (0 MR I 2 il Hh 2%
i AR IS AN BN HIBRE . SO R T s,
o1 T Rb 57 A RLTELY 6 MHz, R 2R 2
SO A% AR BN I B LR N R AR E TR L
MHz £ 2 BN G BN L 10 E s 5% a0e a8 il T
18 TR B AR 45 Dt A 4 K T R 3 EAY AR AR 03 [ el
REIL JLAS GHz, v i 5 5 0 2 o 97 456 0 0O 15
PR RS R SR AR IR R RE Wl EOR Y
X LR E FOLAS B R R E . PR
BB T AR 2277 1ok B R OB R DRI AR E
Horpf th R S AROL 8 19 B RBHR, &

doi: 10.3788/CJL202148.2301002

T B A 5 A 2 2 05 AR HE AT X, 3k
PR WOER 5 225 0 bR e Z W) 1 2248, B S8 00015
S AR JE A OB R E RO R T2 52
TR ER T — B EF R AR SRR
Pk - B (F-P) AR fE B ¥ (Pound-
Drever-Hall £ R™ 3T 200 B 38 3% i 10 55 7%
AR T4 T L R it AN R O 3 LT
by TR L B 2 R b R kg
BEALAINE ) o H R R AT R R SO B R R s
5 W R B — 7 2 XA R BOR B, H B A
AR e B R 2 AT O T A T L, 0 90T e 1 A R R %
KR e e sieE i k.

LR B 2 S AR O i R — B X IR B R AR
O OGO, BT R B AR I R AR A2 T
A I AR AR L T A A s ok SR
JeER S ARSI AR R 0. 01 nm/mAY,
TGS R Z R 0.1 nm/CH 540, 76K
0 £ S 50 BF 9 L R BR R B SR L R ), D2
P B R ST 50 235 R 52 ), A A 2 I = A T
2 EN Y, o B R TR O A g

i BEHEA: 2021-03-15; EEIHHI. 2021-04-17; RA B 2021-05-06
EE&WHE: B SYIME § % 54 (HTKJ2018K1L510002)
#E{E1E4E : “zhaoyingwang@zju. edu. cn; “yhxiao2004 @ sina. com

2301002-1



E 485 £ 23 8/2021 £ 12 A/FE#H®

P4 % Tl 77 58 R e A A 58 1) PR B E I

RS T2 I A AR A SO 3 A I 9 ) i
W0 T B A SOOI B ) BRSO LML AR SE R A PR
T E5A G ER CAOMD 435Il FH = Fh A [a] i 5% 4
U7 58 WA R ARHOL S BOR AT BUE . R A
G 590 A TR RE i 2l i R 4 2l 90 4 A 2 M K
SE IR 855 2 MO0 B — BB 5 58 A4 R BRE TR R T

2 SEERPEFNTT 5

ASCLLRD BT 1 D2 08 5% 3E 47 306 19 4
R, X T Rb R L M AR F=
2—>F'=3 Z I i BRAE J& — A P R BT B o 8
S b 2 H SRR P R ] Y 21 R BR
HOEIE R H . SR, 261 AT ik 3% F =
2—>F' =3 LIRIE(EZ /N, F=2>F =2 5 F' =3
28 ST 535K, T LA i 18 84 BO6 #8873
A28 S L BT R, LA AR R HDL

IR R T H R TR S5 2 deh UL — A
S5 Sk B s 2 T O - R R o — i
S BCE F BT 250 R I R R T L OE AR O
M B2t £ A |, B %8 (PZT) I o 52 BB 2% i 1 9%
KA /N BE PR ] . PRI e R R A 1 B Az ) T [RD
FER IR ] o K sk 32 380 R i A R A {7 Sk A B
AR A% % FCHEAT fif R, B ] ZRAS SOt 8 5 1 Ak
WO 2 I 2 T K IR 22 (5 5. IR 2R 5l
i b FR3o3 (PID) 455 i 4 S 45 RO B %% 19 PZT
FE AL, BRI 3 3l ok 80O 2% I KRR e 7E 1
W 2 (1) DA I

FEWOC S R T B R, 75 B 2 RO
R B LR AR A YR DG R IIDE R ARG . S T
D WOEE B T B — RO —E 4 e T
RPEATIRRH RS B, B8 B Y GAE H IR MR 2 g IF

(a)

HAEA H R F i R v iR B OG0 R T 3
EREIIOE TS SR IR o | I b o i B S D
ORIV B A BN T R 2 b i — oy B 5
BRI P 0% &L, BT LA S B X O i O AR .
AOM (AT 5 ff1 23 Bifi 5 75 I8 000 3 (%) 28 Ak T A2 4k, e
LY HH AOM 1 5K 2l M F8 i), — G A 5l 1) 1% 1%
Tyl 2 A B . (B R SR HIRGE i AOM 5
K —GAT L2 i B TR 8] AOM #E47
5 RAT I L A AT A R B O B S R A O
HEA . M X AOM A 3R 20 55 5 47 I8 ] /8 B €
T 5656 (A A 48 7 1) S 240 2 Bl 5 0 3 1 A Ak T
S M AR L X R XOUGE i AOM [ fE A, S
R B E SR EOE S R W — 6k A2 E Toptica
AN EFEN RS DL100, AOM &2 [# Crystal 2 & B
) 3080-122 F1 3200-124,

AR S T2 B L 43 AT R A 2 A
OGP TT 58 . Ay B RE 4R B — POk IR 5% 38 N PR A
SHR I AL 5 2R
2.1 HESEHPIAAE

T 2238 W) B (DF L) S 6 2 52 95 % 5 6% B0t
S A M R RSO B 5 A AE 5L bl L
Jir—F P AR R WAC 5 28 1R A 30 238 A o >R D 6 R R A
G A, O B AR 0 AR W R i e L,
Kl 1(a) iy DFL JGB& 1A, 72 i B0 i b, F2R A
PRI, Hor — SR BRI 5 ROt E A - Al
AW AF S . AL P At s A4 (PD) 4301l R 4k
PSR S A5 5 04T 2543 22 05 19 31031 2235 ) 1) 1
WL . SR 5 43X A5 5 I LIR #E8E 47
Ko St IO A o 2 42 i OG 2% B9 IR EE A AR
Tt » Foe 2 2 T RO 2% 4 38 B A R N 1R R A g
. B 1(b) AR A DFL i 7 52 56 v 45 21 19 44 A
WA 2

(CO23)
: 12
oscilloscope e A
PBS g cell optical 2
f— glass & 0s L
— a (CO13)
it
5
PBS 80 MHz = 04
=1
laser 1SO 3 %D
5 0
optical
AOM1 fiber
80 MHz -04 ; ' : ' '
0 100 200 300 400 500
. S Frequency /MHz

Bl 28 8B . () LR 18] 5 (h) XTI A 48 i i £k

Fig. 1 Anti-Doppler frequency-locked optical path. (a) Optical path diagram; (b) corresponding saturation absorption spectrum
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Fig. 2 Cell-reflection locking optical path. (a) Optical path diagram; (b) corresponding saturation absorption spectrum
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Fig. 3 Mirror-refection locking optical path. (a) Optical path diagram; (b) corresponding saturation absorption spectrum

2301002-3



E 485 £ 23 8/2021 £ 12 A/FE#H®

3 RHEE Bt R

3.1 BEXE
S O i I A R R EOG SR R 2R T
PR2E R, v T B PO 0 B D R ) 2R
FE R KL BT LATR AT 0 BT X O 2% Y IR AR AR
Xof 3 R RO ) R W EA T AR S

TESZ 0, ok TR ek SO0 SR 10 4h 5t
[ B W 0 8 R 22 0 5 MU B . A B A
T R Rt R ] B A AE IR 2E RS B B —
PRFFAE R B . R B IR AR T 2 ik F
e — I U L SO AR Y PID H % P E LUK 0%
IR B AR R S B B A I B R B R 2R S
2 I AR | 3R B I A 3 0 B A A A SR
B s A b T0 SRR WA S T L A I B
A SR Z BN ' B %o YR R T 7 1 1 S 56 5 25 A

El 4~6 4355 DFL,CRL 1 MRL = # 45
J7 R IR S 25 5, Hoh () S O AR R EE B 15 ()
AR AL 2, (b)) Sy B3R 80 5 9 15 22 15 5 Bl Ui
AV ] (4 [R]85 AR A i 2 RIS h T s /ME SR 1R 22
BRI RN BT 15 IRE S, B 4 A,
DFL 7 &, SOt RABIHE B 33. 2 °C, 8 i [a]
214 s, TR AY BB BE 23 0 o 33,2 °C.33.4 °C,
33.1°C.32.6 °C.32.4 C,Nt,DFL Jt#% 1Y i 5t
WBIREZA K T=(32.9+0.4)°C, HK 5 nJHl,
CRL FZEMBBEE R 27. 1 °C,BiER A A 80 s,
YR BSR4 K 27,1 °C L27.6 °C.26.3 °C,
26.4 °C.26.2 °C, [H . CRL Y 8% 1Y i 5L 81 i B2
Zfy T=(26.7+0.5C., & 6 n] A4, MRL 7%
8 T AT B2 R 28. 7 °C L e I E) A 89 s, IR A MG
B Ay R 28,7 °CL27.9 °C.28.3 °C.28.5 C,
28.7 °C, WUk, MRL G (I AR E 248 T =
(28.4+0.3)C,

Ay T 3R 2 0T 0 O A A R B ) I A T
J¥ o8 DFL 7%, CRL 5 MRL T &M EA K,
U] DFL 1% 1 B 1o 52 P d5c 4, CRL. MRL 19 i B2 it
ZAEMT . A B 4~6 HR 205 S A AR 1k e B AR
FNTAC L 14 90 [l DAL v 4 7 R R0 7 0O i
J&i » DFL J7 2 WA 5 RS AR 6T de /N s 2 Oy 2 96 AR R AT
RIWAE ke s i CRL 7 B IMIRIER IR Z 48
6% s MRL J5 32 B0 F IR RS A X B KL, 2970 1026,

R R, AR O AR i PR R B T 4 3 B
oA ORISR AT R 7 A f gl B R E DFL G %
Ll TS EOCMAAAE  H R A PD REME S

HEAT 2550 Z 5 o X S T PR AEAR AR BE 1l T B L e
Ja#EA PID 5S40 2 B/, TR R 5[] g T
DA EEC T o i b HE 9O 2 I A% B R R e 1, AR
1117 Fifi 2 I B2 1 — 20 T i o 3K B SR BE X i F TR
JEE TR ) TP TRt I A s A B A IS
ARSI BRI, X F CRL Al
MRLIIGH , T AEESHE 0, HR A5 E

1.0 48
= 05f lock-off
> ’ 440 o
® S
(5] =]
E O £
: 1% 2
20 =
@w -05F =
@)
124
710 1 1 1
0 100 200 300
Time /s

Pl 4 DFL 1R 2215 5 B B R ] 79 22k il 2k

Fig. 4 Curves of DFL error signal with temperature
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Environmental Adaptability of Frequency-Locked-Laser System
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Abstract

Objective In modern frontier physics application fields, such as ultra-high resolution spectroscopy, precision
measurement, laser cooling and the trapping of atoms, and optical frequency standard, very high laser performance
(excellent frequency stability, narrow output linewidth, etc.) is required. However, the monochromaticity and the
linewidth of the free-running laser cannot meet the application requirements, so it is necessary to stabilize the
frequency and power. A common method with good maturity and a high signal-to-noise ratio is the laser frequency
stabilization technology based on saturated absorption spectrum and wavelength modulation frequency locking.
Therefore, it can stably lock the laser frequency for a long time. However, the laser is a type of electro-optic
converter that is very sensitive to the environment. The temperature and vibration significantly influence its
frequency stability, which requires good environmental adaptability by the frequency stabilization scheme that is used
to improve the laser performance. As a result, this paper focuses on the environmental adaptability of semiconductor
laser lock-in systems. The frequency locking scheme is based on the saturated absorption spectrum modulation and
demodulation technology. The findings may be useful in guiding the stability and the practical optical path design of
semiconductor laser frequency locking.

Methods In the laboratory environment, we use three typical frequency locking schemes: doppler-free locking
(DFL), cell-reflection locking (CRL), and mirror-reflection locking (MRL) optical path to lock the frequency of the
semiconductor laser. The three schemes use a lock-in regulator (LIR) for optical amplification. Then, through the
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modulation and demodulation technology to lock the laser on the saturation absorption peak. Meanwhile, the acousto-
optic frequency-shifting optical path generates the laser frequency required for the experiment. Finally, we tested
the environmental adaptability of the three schemes. The research method is to change some environmental
parameters such as temperature, vibration frequency, and vibration amplitude to test the stability of the laser
frequency and describe the environment tolerance of each scheme. A heater is used to heat the shell of the
semiconductor laser in the temperature experiment, and the error signal and the temperature of the locking point are
monitored. The vibration experiment is conducted on the optical platform. The influences of vibration amplitude (the
driving power of vibration source) and vibration frequency on the three frequency locking schemes are studied.
Because the optical platform can effectively block the high-frequency signal, only the low-frequency signal of
0-300 Hz is studied in the experiment. The duration of each vibration is set to 30 s.

Results and Discussions The temperature experiment shows that the laser unlocking temperature of the DFL
scheme is 33.2 C, locking time is 214 s, and frequency drift is approximately 2% (Fig.4). In CRL, the unlocking
temperature is 27.1 ‘C, locking time is 80 s, and frequency drift is approximately 6% (Fig.5). In MRL, the
unlocking temperature is 28.7 ‘C, locking time is 89 s, and frequency drift is approximately 10% (Fig.6). This is
because although the increase of the laser temperature leads to the fluctuation of the laser frequency and power, in
DFL, because of the existence of the reference light and difference between the signals collected by two photodiodes,
these interference signals can be greatly eliminated. Finally, the interference signal into the proportional integral
derivative(PID) is weak. As a result, the feedback circuit can lock the laser frequency more precisely at the peak of
the saturation absorption spectrum. However, as the temperature rises and reaches the critical mark, the
temperature-induced interference exceeds the regulation ability of the feedback circuit. The negative feedback is
destroyed, resulting in laser unlocking. Because there is no reference light for the CRL and MRL, the interference
signal caused due to temperature change will enter the PID directly, making its temperature tolerance less than DFL.
In the vibration amplitude experiment, the vibration frequency is set to 100 Hz. The fluctuation of the DFL optical
path is relatively stable at approximately 1%, when the driving power of the vibration source increases from
—4 dBm to 4 dBm; CRL fluctuates the least (approximately 0.3% ), and MRL changes a lot (approximately 10% )
(Fig. 7). In the vibration frequency experiment, the driving power of the vibration source is set at 0 dBm. The
fluctuation of the DFL optical path is relatively stable at approximately 0. 7%, when the vibration frequency
increases from 0 Hz to 300 Hz; CRL has the smallest fluctuation (approximately 0.3% ). MRL varies from 0.3% to
0.9% (Fig. 8). The results show that when the vibration frequency and amplitude change, the influence on DFL
and CRL optical path is small and the influence on MRL is obvious. For DFL, the influence of noise caused due to
vibration is greatly weakened due to the existence of reference light. For CRL, the pumping light comes from the
weak reflection of the atomic gas cell, which is very weak. The fluctuation of the error signal is small due to the
small saturated absorption signal and noise level, but the stability is weaker than that of DFL. The saturation
absorption signal is relatively strong for MRL, and the probing light is reflected from the mirror. The small change in
mirror position caused due to vibration impacts the spectral signal, increasing the noise and decreasing the stability.

Conclusions Three typical laser frequency locking schemes are studied using the experimental idea of controlling
variables based on the principle of the saturated absorption spectrum and wavelength modulation frequency locking.
The results show that DFL has the best temperature tolerance and antivibration interference, followed by CRL and
MRL, indicating that DFL is more suitable for harsh environments. However, CRL and MRL also have certain
application values. For example, because the probing and pumping lights in DFL need to coincide as much as
possible, the distance between the two mirrors in the optical path must be as far as possible, and the actual optical
path occupies a larger space. Therefore, DFL may not be applicable when the optical path size is limited. However,
CRL and MRL have small optical path sizes and are easy to integrate and miniaturize for future laser units.

Key words lasers; external cavity diode laser; saturation absorption spectrum; frequency-stability; environment-
adaptability
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