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Abstract

The self-termination effect exists in the 3.9 pm laser generated in Ho-doped fluoride crystals by the
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single-wavelength 888 nm laser pumping. To eliminate the self-termination effect and realize high-
efficiency output of the 3.9 um pulse laser, a novel scheme of 888 nm and 2.1 pm dual-wavelength
collaboratively pumping is proposed. Using Ho:YLF crystal as the gain medium, a rate equation
theoretical model for the 3.9 pm laser under dual-wavelength 888 nm and 2.1 pm collaboratively
pumping is established. The temporal evolutions of population density at each energy level and the
intracavity photon density are numerically simulated. Parameters including output mirror trans-
mittance, crystal length, and doping concentration are optimized. Furthermore, the effects of 888
nm pump power, 2.1 pm pump pulse parameters, and pump beam radii on the output performance
of the 3.9 um pulse laser are analyzed. The research results of this paper provide a theoretical guid-
ance for realizing efficient 3.9 pm pulse laser output.
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1. 5|8

F LT AN R TR GE S 7 1 BB 3% C-H. O-H S84k 22 (R AR M I e, 7R3 IRELA L 204 RS
Sy TG AR R M A S A BN [1]. BT, 2R B0 R E RO R BRI AE . JE&
PESR B R B AR AL o RN M R WS BIR G . R AUR SZ 2 B B 5
W, HXZRTIRERSES S R/RATRE, ZHTRART Ry R HEEN PN T
TEIRBER] 7 S AP AREOEE . (03 A B FE0LE .. BEFRPE0LHE LS hast
BoL#E. b, 2REEPOINOCRRE TR LB 7R E SR S T B ARG hLH, HiE e
NIRF B NFS: —FRLE SRS TSR0 S, (BT EERHR R USSR AU 7, X
SHARGMLLLIE RN H—RKRMLEEFBRNFEMMY S, et =R Niair 5 T2
VA RL . Wik, LS PSSP R SR SRR T T E LTSS 71, BNY
A 70 A

1979 4, Esterowitz % A3t | Ho:YLF [P RGO 7 %, H&F48H T 3.9 pm Ho: YLF 25
WOGSRIIME 2], 2004 4F, Stutz 25 A#RZE T 889 nm [¥] Cr:LiSAF %5 Ho:BYF [0 2 3.9 um kit
iR TT, SREGFREAEH 30 at.%[1) Ho:BYF @fA3R1S 1 3.9 um s KRRy 55 m), IEEOE - Jbd%
LN 10% [3]. 2017 4, Kepeng Rong %5 N 7% [&RE AL 1 HHH A BT, #5727 3.9 um
HEE HoBYF BOGESHIHISRIAL, IFXHBMOG S i M BT T 3B B [4]. 2018 4, FREDERIC
MAES %8 \fifi Ff| 888 nm 23 427 10 mol. %) Ho* 45 2% InFs WAL JZ N 4F, fEEIRAM FHET 3.92 um
FAFBOERE, BKEH RN 197mW, RERZCEN 10.2%[5]. 2022 4, Ying Zhang 25 AL 7 #0OE —4%
BRI 3.9 um Ho:BYF WOt asfn hRerE, VEANITE TR Ae . R A, J3m ik v FE A iR K
FEXT Ho:BYF ottt i REEs2ma[6]. B K IR H AR (Dual-Wavelength Pumping, DWP)TL/E Er** (2.8
um) [7]5 Tm** (2.3 um) [81B A4 HOEEE F ISz, 1 Ho®* (3.9 um)5 Dy?** (4.3 um) [91B 4B 81 m 47
PEIRAS 7RIS . 2019 4F, D SIET AL R AW T 1 888 nm Al 962 nm MK IR Ho:InFs HG4F
BOCRR M HARRE, A TR DR X0 KM RNR R, NSRRIt T BB KIE[10].

AR T HT 888 nm A1 2.1 pm BYE K [FIZRIH Ho: YLF SRR 3.9 um FLAMNIOEF= AT % 18
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757 888 nm A 2.1 pm XK FEIZETH 3.9 um Ho:YLF BRSO #8585 05 B f 3emt b, HmmEal 1 3.9
pm % Bt Ho: YLF EMARBEOEE I AR E, RS, SRS 3L R 505 1 232 58 2 40 s e gk

T THEB ST
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°Fs (Ns) 26.3 s
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Figure 1. Energy-level diagram with relevant optical transition processes for 3.9 m Ho:YLF laser based on the DWP scheme

L. EFXCEKNEIRES R 3.9 um Ho: YLF #ERE RAFXKITIETE

888 nm A 2.1 wm XKW FEZETH A 3.9 pm Ho:YLF A8 ¢ & AR K RAE A2 1 iz~ . 888 nm 22
TG IE T 3 S U (Ground State Absorption, GSA)IS 2 0] LUR KL T M Sls BE iz B 51s e, IR A7AE
M ST7 BEGAhIE B SFs R840 R AR (Excited State Absorption, ESA)IT A2, RJFIEIT STs—Ts FIRRIT L2
742 3.9 um MIEOEIRG . (B S1s Be T ami /N T 516 BEZFF 1 (69.4 ps < 2.1 ms), P LK ER T2V 1E Sl
Aegl b, BB 2.1 um BRIHYE SR T M STe BELAHIZE B Sy BEZR, DL FERR A REFLIE S (Virtual Ground
State Absorption, VGSA). 1H 514 G273 4 HAFAE PIs 1) E4R 5 2 75 15t B (Multi-Phonon Relaxation,
MPR), [ 1 e g EATRLF 2P R 2 S ge e b o THERB, KA 2.1 pm RZiES 3.9 um &R
AR (54%) B m T D B[ 104RIER 962 nm FHVES 3.9 pm K& 7 HARAER24%), 5 1 H0EH
AR Ak, B TR M LT MM STe— L I BE = 74k (Energy Transfer Upconversion, ETU)id
FEARIRL T M STs—5T7 FIMN STs—ST; BIAE Xt #(Cross Relaxation, CR)IS . FEIZFEAId, @i Xk K i[5 42
T 7 20T LLYHBR 888 nm HLiE K IRIH Ho: YLF @A T 3.9 um BOLR A L8, A5 3.9 pm FIE0L

I o
R ERR T IE AR, AL T LU IEE T[]
dN; N;
s = Rppos ()
Q& PpIESA ]
dn, N,
—*t= R, 654+ R _aemc¢(f4N4 - /iN. )+ﬂ54 +W,,54Ns ——++kN,N; =k, N\ N, 2
dr T, 7,
dn. N
L= _sz + O'emc¢(f4N4 - f3N. )+1353 +1843 L+ Wyg3Ny — — —— kN, N, 3
dt Trs ra 7
dn. N.
dt2 = _RplESA +ﬂ52 +ﬂ42 +ﬂ32 Wor 32N3 _T_Z_k1N2N3 +2k2N1N4 (4)

rs r4 r3 2
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dN N. N N N
d_l‘1 - _RplGSA + s, _5+ﬁ41 _4+,B31 _3+ﬂ21 _2+Wnr21N2 +kN,N; —k,N,N, (5
r5 r4 r3 r2
d ! N, I
d_¢:GemC¢(f4N4_f3N3)m_ed_ ¢ +7,B43_4Led (6)
t lcav cav r4 ‘cav
N, +N,+N;+N,+N; =Ny, %

Aol NOA BRI T, Noo ) HoM MR FACIE, oy 1 BEAIOA A, om0 STsmo™Ls ISR
LT, ¢ WG, o MR G RIS, £ § RSB /R B BT, iy 1 AR TR/
ST, 00 BRI KA, Wi MR T BRI -1 BRI AR BT %,
F kAP0 ETU B CR RS BB A, T ERTIE, T MR 2T, ) KA
PR T B R T, e RIS A T HO B, HFEAN:

= ®)

T =
cav 65
K, 6= L+1n[1/(1—T)] BRI IR R T, LONEIRE I E A 1FE, T NI 8B IE R o Ryigsar Rpiesa
FH Rp2 7399 /2 888 nm M Ts 2| 5Ts Y] GSA ZRIHIEZR . M 517 2| 5Fs [ ESA ZRIHTHEFE M 2.1 pm M L6 2 5L (1
VGSA FH# %, BRI R[11]:

P o,
pIGSA — hvlna)];llmed o.N 'j_ UlzsNz {1 —exp [—(0'14N1 +0,5N, )lmed ]}
P o,.N.
R, ipsa = hvlnwlil o lei G;NZ {1=exp[~(01, N, + 035N, ) Ly |} )
P>
b2 = m[l —exp(-03, Nyl ) |

X, PRy 888 nm EiHThE, oy MM i BERE] j Be A ROWNCETT, A RFEATLE =, vi Al v 230K
888 nm A1 2.1 pm I, w1 M wn 7354 888 nm A1 2.1 pm EIHIEHEEAE, P~ 2.1 um ZEHTH
#, HRIEAX W

E (t—t0)2
S -2 10
(1) w\/n/—Zexp[ 2 ] (10)
K, EON 2.1 pm I RBKITRER, to NIRRT 0L ¢ BIARRRE, w TR R EZE o 1 2
%, JFH 5 kb gE i 2 i R e R A
_ FWHM

vIn4

an

w=20

BT RS E I | FUR.
3. WERMGRE o

BRI N 30 mm. BI4IKIE N 4 at. %[ Ho: YLF ShR/E A5/ i, XFRF) ETU A CR fE &
LRSS HIN 1.067 x 103 m¥/s Al 1.067 x 102 m3/s [11]. W EIEIRE G FKE N 100 mm, 888 nm %
IR N AW, 2.1 pm FHHBKAPEEEN 2.5 mJ, Bk 9EE N 50 ns, BKkrPEEAEN 2 kHz, HithiE
EHHN 10%, 888nm. 2.1 pm FEIHIGH 3.9 um IRZICHIDGHEARII N 50 pme. 38 I BUE ARG T B
KA FEZRIH T 3.9 pm Bk O 5 % BEORL T80 FE Ll N6+ 305 BE RS TR AL U, an sl 2 o
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Table 1. Spectral parameters of Ho:YLF laser crystal
F 1. Ho:YLF Botairmids

SHAIR ZHUA S 3CHR
75 26.3 ps [12]
T 69.4 ps [12]
73 2.1 ms [12]
2] 17.2 ms [12]
s 1400 s [12]
Tr4 100 s [12]
3 125 s [12]
72 58s [12]
Warsa 3.66 x 10*s7! [12]
Wara 1.43 x 10*s7! [12]
W32 350 871 [12]
War21 0s! [12]
Psa, Ps3, fs2, fsi 0.0032,0.0417,0.1813,0.7738 [13]
P, Paz, far 0.0348, 0.5649, 0.4002 [13]
P32, 3 0.0902, 0.9098 [13]
P21 1 [13]
o14 1 x1072! cm? [14]
025 1.9 x 10722 cm? [15]
Oem 1.5 x 1072 cm? [14]
034 7.4 x 1072 cm? [11]
S, fa 0.1728, 0.235 [14]
L 1% [11]
y 1x1077 [16]
7 8
(@) N (b)
a6 —N, 7+
E —N; 6
S Sr —N, o~
< «? 5F
X af Ns| 8
N’ g 4 -
g 3t = 5l
E= X
[~+1 -’
= 2r < 2f
3
= ' '
0 ] 0 1 I 1 1 1 1 I 1 I
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (ms) Time (ms)

Figure 2. Temporal evolution of (a) population density at each energy level of Ho:YLF and (b) intracavity photon density
based on the DWP scheme
2. BURKINEIZRAET, (a) HoYLF BEERNFHEEM (b) IEMRIZAN T HEEREREHIEL
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888 nm FEIH TN (P1: 0~20 W)F1 2.1 pm HLFKIHRER(E: 0~3 mI)XT 3.9 wm OGP 3540 T2 14 P [F) 52
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Figure 3. Dependence of 3.9 um laser average output power with dual pump powers based on the DWP scheme: (a) three-
dimensional contour map, (b) two-dimensional cross-sectional profile

3. WRKNEZAT 3.9 um A FHRMENRBERNRIBADRNEN: () ZHSFSLKE, (b) Z4HFHE

fEPINAW. EN25ml. Bk oEE A 50 ns B, 2.1 pm fked B8 SRR 3.9 pm BOLH H R
W an s 4 frome 3.9 pm WOLHESHERS 2.1 pm FE#GMEEE 8. b 2.1 um FHCESHERR
B, 3.9 um OG5 H Th A RAMER N Ak REE A AREEAAE, 20705 0.35 ml; i kol 5
RFHESE, 2908 7.5 ns. 20K I R 2230 77 A8 3.9 um O E S AR M 50 Hz LR [3] [6]8TF B ik
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Figure 4. Dependence of (a) pulse repetition frequency, single pulse energy and (b) average output power, output pulse width
of 3.9 pum laser with 2.1 pm pulse repetition frequency
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2.1 pm BRRGE BT 3.9 um BOLH AR I 5 FR. B 2.1 um BkoPSERERORE N, 3.9 pum B0
(R Rk o8 EE g . fE Py NAW. EN25mI A PN S WL EN3mI i, BEE 2.1 um Bkb 58 B i
Bhn, 3.9 um WOGH V5 B DA IS RN £ P25 WL EA LSmI B, BEE 2.1 pm ik 8
PRI, 3.9 um O HISF A% H DR e H N .

20

(a) —P1=25WE=1.5mJ Lo b

18+ TE WA (b) —PI=25 WE=1.5mJ
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Figure 5. Dependence of (a) output pulse width and (b) average output power of 3.9 pm laser with 2.1 pm pulse width under
three collaboratively pumping optical parameters

5. ZHEMEIRBASET, 3.9 um BOEHI(a) BORTEE R (b) T TR 2.1 um RIBLHOPFEE R EL

fEERN25m), 5% Pi; PLAA4AW, B8 E K =HMFRAEHESEHP N2.5W. EXN15m], P
AW, EN25ml, PrASW. EN3mI) R, $tHEED X 3.9 um BOGFI % H DR s an i 6
Fim. BEE S EOE TR, 3.9 pm WO % H DI B e IUg K, SRG AAE — BUEARLRFEA
TR EIX, BE R 0. HLEHE MRS kb e N, ~F & XIFHAR K . fEA R 1S
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Figure 6. Dependence of 3.9 um average output power with transmittance under different (a) 888 nm pump power, (b) 2.1 pm
Single pulse energy, (c) three cooperative pumping optical parameters

& 6. (a) AN[E 888 nm FRIHTNE, (b) AR 2.1 um BROPEEE, (o) ZAMEIRANSHT, 3.9 um FLHI T
HH ThERBRM H SRIE S R L

Ho:YLF @i BB 28 W BEXT 3.9 um BOBHI HRHE Rz & 7 frs. HE 7(a) s, 78 PrA 1
W, 2.1 pm (9 BE S K e 2B Ho: YLF &g AARK FE 0 I 5258 T R J5 RPN & %5 B Ho: YLF
WIS J R BE (3G i vk . B 7(b)RT 0, 75 PyN AW, EN2.5ml i, 3.9 um BOGHT-¥ %0 H 2% b
Ho:YLF i PR B2 )38 I 52 56 3 5 B Al Rk 35 B Ho: YLF A48 iR BE R 3g nim s o >4 & k4%
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AR PEEIL v I, AN SR R T R RO Y, SR R R R IR 50 Hz BLT
[31[6]; Hdi K B CR T A E B FHC B, ZRIRDGAE SR A 2 1) A ANEI 5T, Lot
AILHC. ZREHIET, ABFTIAN Ho:YLF BRI RSB IIKEN 4 at%. AR 30 mm.
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Figure 7. Dependence of (a) threshold single pulse energy at 2.1 um and (b) 3.9 um average output power with Ho:YLF crystal
length under various doping concentrations
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3.9 um WOE T H DR 5B AR L R WE 8 fion. TEAF o T, 3.9 um BOETFHH
DZEH B cop1 TN RIS Pk b T S 5 2218 N IR B S . PR RI A 0.9~1.1 Z 18], 3.9
um ORI 7RG . AR R K wpn £ 85 um I, 3.9 um WO IESEIUE A . G5A1KE 3 R,
TE wpo N 50 pm B, 2.1 pm B9 ERME BRI AE BN 0.9 m), JEHHE AT LR E] 2.1 um W BIERE R ELN
115 mJ/mm?. AHET 888 nm Al 2.1 pm RUFEAIELEZIH TR [11]9 2.1 pm FIBHEDIZE L4 1900 W/mm?,
KPR T 2.1 pm G BRI
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Figure 8. Dependence of the 3.9 um laser average output power with 888 nm pump beam waist radii under different 2.1 pm
pump beam waist radii
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888 nm YL KIZIH N 3.9 um BOGM A LR . fEH AR LRI SOt PG BRI AL b, 857 T
BRI 3.9 pm P B2 AN Ho: YLF [EMABOG 28 2 07 F2 B AL, HUEAAL 1 3.9 pm BOLE /)
SRR, BRI T EEASEL SIS MBS RN 3.9 um Bk BB R SR . BIF ST
4 B2 W i BB I R B X )N 5%~30%, Ho:YLF fmik IS B 24K EEN 4 at.%. KN 30
mm, 2.1 um I BREREEZE LN 115 mI/mm?.
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