Frequency noise and phase-locking of a QCL-pumped,
1THz gas laser using a 1560nm frequency comb
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mid-IR QCL-pumped, ammonia laser (NH3)) at 1THz



QCL-pumped FIR molecular laser at 1THz
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The first QCL-pumped FIR molecular laser at 1THz
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Maximum theoretical efficiency: 18.5 mW/W

> 55% of max. efficiency (= % Vin,/ Vinig.r ) reached
» need to optimize the design to increase further the output power
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Table S3 — continued from previous page

THz laser | IR pump
p Q R

Freq. QN Freq. QN Pola. G Freq. QN Pola. G Freq. QN Pola. G
(GHz) (em™h) WG,) | (em™) WG,) | (em™) (uG,)
1138.2110 sQ(7.7) 805.7790 sP(8,7) L 3.9e-19 | 964.4240 sQ(7.7) || 4.7e-18

1166.1643  sQ(8.8) 7849805 sP(9.8) L 22e-19{9633627 sQ(8.8) | 3.3e-18 5 i 2
1171.5755 sQ(13.12)* 680.8321 sP(14.12) L 1.1e-20 | 956.3968 sQ(13.12) || 1.7e-19 | 12134613 sR(12.12) L 4.3e-20
1199.1625 sQ(9.9) 764.0774 sP(109) L 24e-19{962.1714 sQ(9.9) | 4.4e-18 - - - -
1209.9839  sQ(14.13)* 659.6231 sP(15,13) L 2.2e-21|954.5783 sQ(14,13) || 4.4e-20 | 12312408 sR(13,13) L 9.6e-21
1237.4652  sQ(10.10) 743.0731 sP(11,10) L 6.0e-20 | 960.8522 sQ(10,10) || 1.3e-18 - i i
1253.6581 sQ(15,14)* = . - 952.6354 sQ(15,14) || 1.7e20 | 1248.8648 sR(14,14) L 4.0e-21
1281.3702 sQ(11,11) 721.9708 sP(12,11) L 2.8e-20 | 959.4071 sQ(11.11) || 7.2e-19 - = .
1302.8895 sQ(16.15)* - - - - 950.5708 sQ(16,15) || 1.3e-20 | 12663350 sR(15,15) L 3.2e-21
1331.2132  sQ(12.12) 700.7745 sP(13.12) L 2.6e-20 | 957.8390 sQ(12.12) || 7.5¢-19 . . i
1338.6790 aR(3.3) 832.6348 aP(5.3) | I.le-18 [ 931.7736 aQ(4.3) L  2.le-18 | 1011.2036 aR(3.3) | 1.2¢-18
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Widely tunable compact terahertz gas lasers 84' F

Paul Chevalier!, Arman Armizhan', Fan Wang?, Marco Piccardo’, Steven G. Johnson®*,
Federico Capasso™®, Henry O. Everitt®®*

20 - T ¥ T v T T T v
The terahertz region of the electromagnetic spectrum has been the least utilized owing to inadequacies
of available sources. We introduce a compact, widely frequency-tunable, extremely bright source of 80 - 48
terahertz radiation: a gas-phase molecular laser based on rotational population inversions optically QcL power
pumped by a quantum cascade laser. By identifying the essential parameters that determine the 70 - ]
suitability of a molecule for a terahertz laser, almost any rotational transition of almost any molecular . 210 MW
gas can be made to lase. Nitrous oxide is used to illustrate the broad tunability over 37 lines spanning 60 m 6 =
0.251 to 0.955 terahertz, each with kilohertz linewidths. Our analysis shows that laser lines spanning . e 185 mwW =
more than 1 terahertz with powers greater than 1 milliwatt are possible from many molecular gases = 4 160 mw =
pumped by quantum cascade lasers. E— S0+ )
T =
. S, 40 4 8
A Rotational levels = ~
T
30 =
Jr =10 ’l'
e Pump 4§
T - 20 4 2
o 9
T ®
35 10
= e
= @
=5 0 ; 0
> I, = I 0.0 0.5 1.0 15 20 25
T =
. # Pressure (Pa)
J, =10
g <L ¥
@
2 —
@
3c —
o
= O 1\ % . —_ n
53 — W6&'()*+,-) BH$SYBH10) 6&-)1=,> "H$WRABDORC?.)AA
_‘é — nn n . n n=zn=z.
2 o — " 2&345&6"789: #$2&"D8BE&6"7"T:
c _
5 R-branch
=
[o}
w
O
< A

v

Pump frequency



89: :4<74("3 -, 9=, 4<74("3?@A36$)(,) .
I \iemn
"H $%&S$() *+" ,-./0-1
8.8"#$%-2%"(,2'9 I . <W*}BH$)5 >?2@.<%*)-*A

"#$%6&$'() * +,$-.$/0)*
. 1I"H$%&()** - +")- $)-
. 4" $")- &"(HHSO( . 1").%)(*203).".4))56%&7
o« THSHY% Y RYH (),
]

BC.1%8/#S I"#SHR*+!), ,2'9 12'132456$757(%&A
| D2E9.E%2(

| >06%)<06F%'2"(
| >)G/)(&2)* H.4" %$$<28%'2" (*
C.19(%&&)A-)G/)(&2)* $-)32"/*<| (. %&&)*26<P'9 I . <V*)-*
1" +- 23%+-+"4-5$46+7,8-$%7'+#11-
1252@1+* <2(),25'9KB1DMBN1DLA$2&%%6<@BRO#)*. <%-EJ9%'l: . <¥%+*)-*.KBZBNN7DL
|
0,7)47-8'(4%9+"-"Y 4717 A<V A(6#-(3'54=-4>$46+49



MIR !

THz modulation transfer
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Measurement of frequency noise using a fs-laser comb



Beatnote generation using a harmonic mixer

\|emn
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fri,=1073GHz | | T 30GHz
\_ J \\;‘~~\> Harmonic mixer
x 36 foeat= (3 X 36) x fio - iy, =

= (1080 —1073) GHz = 7GHz

|6fbeat|rms =108 x |6fLO | rms T |8fTHz | rms

» The frequency noise (FN) of f,..; is a copy of the FN of f;,,

if 108 x of 5 << 0 fryy,

—> Need a low phase noise LO (5f , is multiplied by 108!)
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Frequency noise of QCL-pumped THz laser

Frequency noise PSD (szle)

5

— QCL-pumped 1THz ML at minimum MT

i

10 | —— QCL-pumped 1THz ML at maximum MT
noise from current driver f
10* \VA 1073 x f =
——— VCO noise =
10°

] e
1Ty i | 08 i :
10 M LG ‘ - E
0 | i
10 V 'WJ‘ ‘ | ", ’ ’?
10-1 [ |H| | ?
10° b ]

100 1k 10k 100k 1M

Frequency (Hz)

Normalised power

10

0.8

0.6

04+

0.2+

0.0

Frequency offset (MHz)

» Variation of modulation transfer observed on noise spectra

»from [-line crossing = linewidth < 5kHz on 10ms integration time
»Below ~30kHz = ~ “technical noise” compatible with mid-IR QCL frequency noise
» Above 30kHz = THz laser frequency noise (possibly limited by current driver noise)
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Phase-locking to frequency comb N
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» Phase-locking successful: sub-Hz linewidth

» ~ 0.04rad residual rms phase noise = > 99.5% of BN signal power coherently locked
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