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long pulse laser amplifier (a reminder)

— 2 populations’ dynamics:
021N Fs dN, N,
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() unsaturated amplifier: O saturated amplifier:
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laser threshold
assumptions:

| [ | » stationary state
R, | , R, » stable optical resonator
é _____________ > losses: (1) mirrors, (2) other
'=+> Yols » constant intensity along and L resonator axis
L » homogenous population inversion

small intensity:

_ _ threshold condition (no losses):
photon flux change for a single round-trip:

F.(1) =R,F.(])

F_(0) = F_(D)e"" = RyF, (e’
F,(0) = RyF_(0) 1
Fi(I') = F,(0)eYo! = Ry Rye?'F, (1) Yo' = _z_lln R1R;

R;R,e?¥o!l > 1

threshold unsaturated gain coeff.:

To account for other losses we introduce additional attenuation coefficient inside the gain

medium. For perfect mirrors (R; = R, = 1) we have after a round-trip the attenuation by a factor

e Then, the full round-trip gain is R{R,e?Yole~2% and the threshold condition reads
RiR,e20o~a)l > 1

which leadsto | y,¢ = —%ln R.R, + a.




numerical example:

He-Ne laser :

»> |=05mR; =1,R, =099,a = 0,0 = 10713 cm?

> yot == %h’lRle = 10_4 Cm_l

t
> threshold inversion: ANt = }% =~ 10° cm™3
> Ne atomic density Ny = 1017 cm?

. . . ANt _
» very small inversion required: - = 1078
0



threshold condition — assumptions:

are the assumptions right? > stationary state OK
» stable optical resonator OK
> losses: (1) mirrors, (2) other OK
» constant intensity along and L resonator axis NO
» homogenous population inversion ?7?7?

resonator mode = F(x,y, z)

iHL—I_ ! gain coefficient distribution = y,(x, y, z)
Rl RZ
Yo s

----------- » short amplifier

| , for TEM,,,, the condition zy > [ is held, we neglect the

| L | mode change within the distance [:

F(x, y; zZ+ l) = eYO(x’y’Z)lF(x; y! Z)
———
Ry VR R, » long amplifier; propagation and amplification cannot
0ts

______ be untangled because the mode within the gain

| | medium changes its size = full 3D integration

| L | required



output intensity and power for a ring resonator, continuous wave (cw) operation

R,

photon flux inside the resonator F(z)
stationary state dF /dt = 0

.1 1 T
Yo =—71nR+aE7(1—R)+a=7+al

assumptions:

>
>
>
>
>

VvV VY

resonator length L
Ri=R,=1,T=1-R

extra losses a

lasing in one direction only

constant intensity along and L
resonator axis, cross-section area S
homogenous population inversion
homogenous line broadening, single-
mode operation

,closed” resonator T «< 1

constant intensity along the resonator axis F(z) = F;,; = const gives

Yo
)/(Z) — = const
1+ Fint/P:?
stationary state: y(z) = y,!

Yo T Yol
——+a>F,, =F —1
1+ F JF, 1 o7 lint S<T+al )




output intensity and power for a ring resonator, cw, 2

Yol

new parameters: go = Yol, So = al

9o
Fint=Fs<T+SO_1>

9o
FoutZT'FintzTFs( _1)

T‘l‘SO

output power:

9o
P=TI —1)5
S(T‘l‘SO ) \

\

beam cross-section



optimal output coupler for a ring resonator and cw operation

R P=TIS< Jo —1)5

T+SO
—

we search for the maximum of P versus T':

dPOC 9o _1_L=
dT T‘l‘SO (T"‘So)z

0

(T +50)* — goSo =0

Topt =V90So — So

Y
Poutopt = (\/9050 - SO)’S( > — 1) S =

2

Yo

a
= I,S(Vgo — So)? = LSyol| 1 — \/i



optimal output coupler for a ring resonator
and cw operation — some graphs

Pout/YO ”sS

l
P =T15(T):fal—1)5

Topt =V90So — So

2

~ opt __
S 025} ] Pout P = ISyl 1— |[—
D - yO

020k

0.15F

0.10

005}

any losses inside the resonator are very painful!

Pout/YO ”ss

0.0 0.2 0.4 0.6

0.8 1.0
a/yo



” |13
laser output power, cw, ,,closed” linear resonator assumptions:

resonator length L
Ri=1,T=1-R
extra losses a
constant intensity along and L resonator axis,
cross-section area S
F—’, — | — homogenous population inversion
F homogenous line broadening, single-mode

operation
» ,closed” resonator T < 1

YV VYV

+
ﬁ
<
Z’T]
o]
K
"%

2 photon fluxes inside the resonator F*(z) oraz F~(2)
stationary state dF* /dt = dF~/dt = 0

1 1 T
y0t=——lnR+a52—l(1—R)+a=—+a

21 21
F*(z) = F~(2) = const
then y(z) =y = ro =

i), — 1 .2F
14 (FT+F )/Fs 1+ [

more algebra:

Yo T 1 ALY
=—+a=>F" == -1
1+ 2F*/F, 21 ° 2 S<T+2al
2
1
Topt = 2(\/9050 - 50), Poutopt = Elssyol (1 - \/%)

note: a standing wave inside the resonator



laser output power, cw, ,,open” linear resonator _
assumptlons:

| | >R1=1,T=1—R

R, | ! ' R > extra losses a
» constant intensity in the plane L resonator
[ B - axis, cross-section area S
Yo, Fs, a » homogenous population inversion
L » homogenous line broadening, single-mode
operation
S 1 .
e |
Lo ! / . inside the gain medium
z, 1 dF*
F+ dz =y -a
1 dF™
let’s note that: ey C 4T y(2)
L (F*F) = F*F- (éﬁ +=2) = 0 and thus F*F~ = C
V4 FT dz F~ dz
which means that
1 dF* Yo Yo
F*¥ dz 1+(F++F—)/F = 1+(F++C/F+)/F —a
1 dF- Yo S s — algebra...
F-dz 1, (F + CTF) — Fo =T
+ border conditions ’ — _ lTln(l —T—s0)”" 9o

1

F — —
out = 2 T + s, In(1—T — 54)~1



laser output power vs pump power 7 %

~
-1 W
N

A~

N
N
=

o~
(= = = =

we will consider a 4-level system pumped optically by
another lasers beam. From lecture 4:
_ P(t31 — 1)
1+ P(1y, +14)
for moderate pumping rate P(7,1 + 7;) < 1 we have

Yo = 0ANy < P
the pump rate P is proportional to the power of the pump
laser Pp

Pp
Fout=K<Ft_1>

AN, N

P; - threshold power of the pump laser P, Pp

threshold power P,
slope efficiency %



cw laser spectrum, homogenous line broadening

in a cw laser we have (always)

gain = losses

the gain is clamped at the
threshold value for the mode
which reached lasing first

qguestions:
is it really a single mode
operation?
what is the spectra width of
the laser mode?

below the
laser threshold

Yo < ¥o©

laser threshold
Yo(Vm) = ¥o©

above the
laser threshold

Yo(Vm) = ¥o!

:
io
L ~
<
-
Vo




cw laser spectrum, inhomogenous line broadening

V7<

the values of gain coeeficient for
different modes are not coupled

burning holes in the gain spectra
profile

single mode operation:

o short resonator — distance between
modes larger than the gain bandwidth

o extra spectra selection —filters inside the

cavity

V<

V7<

V7<




spectral width of the laser mode — a simple picture

_ﬁ» FSR

Av,

JIJIJI AL | ) |LV

A 4

for a symmetrical Fabry-Perot cavity we have
FSR =c/2L,Av, = FSR/F,F = nvVR/(1 — R)
when the finesse of the cavity is highthen F = 7/(1 — R)

c(1- R) 1
Ay, =
2l 2mt,
with 7, = —2L_|ifetime of the photon in the cavity

c(1-R)
laser amplification relies on photon cloning which means that

T, — o and thus Av, — 0

but quantum cloning is not perfect!!! spontaneous emission leads to a finite
spectral width of the laser mode.



spectral width of the laser mode — calculated result

PHYSICAL REVIEW VOLUME 112, NUMBER 6 DECEMBER 15, 1958

Infrared and Optical Masers

A. L. Scaawrow anp C. H. Townes*
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received August 26, 1958)

The extension of maser techniques to the infrared and optical region is considered. It is shown that by using
a resonant cavity of centimeter dimensions, having many resonant modes, maser oscillation at these wave-
lengths can be achieved by pumping with reasonable amounts of incoherent light. For wavelengths much
shorter than those of the ultraviolet region, maser-type amplification appears to be quite impractical.
Although use of a multimode cavity is suggested, a single mode may be selected by making only the end
walls highly reflecting, and defining a suitably small angular aperture. Then extremely monochromatic and
coherent light is produced. The design principles are illustrated by reference to a system using potassium
vapor.

Avoge= (dhv/P){Av)?

Viaser =

4hv(Av,)?

POU,t

with:

Av,. - spectra width (passive) of the cavity mode
Pt - laser output power

numbers: 1 = 1uym © v =3-10"Hz, h=6-1073%].5,L =

0.15m,R = 0.97 = Av, = 10’Hz, P = 0.1 W:

3:6:10734.3.1014.1014

AVigger = o1 = (0.6 mHz

Avigser ~ 7. 10—18

Viaser



single-mode operation of a cw laser

lecture 5:
Vioo Viio Vioz Vio3 1Y
-1 Vio1 Vi2o Vi3zo [+ 1

Vi1 Vi

often we want to force the laser to operate in a single mode; preferably TEM,;,,
v’ select transverse mode
v’ select longitudinal mode

selection of the single transverse mode — lecture 5: diffraction losses are the
smalest for the TEM,, mode; we put an adjustable aperture in the laser cavity:

hard aperture soft aperture

pump beam --




single-mode operation of a cw laser, 2

single longitudinal mode selection:

c examples:
O short cavity - 22 Av

» short He-Ne, Av = 1.5 GHz, L =
15cm = i = 1 GHz

» VCSEL (Vertical-Cavity Surface-
Emitting Laser) L = um

O long cavity - i < Av

v

rough filter

product <—— fine filter

v

Vm Vm+1



Power (W)

T P TR AR — M3

Optical Schematic of the
MBR-110 Ti:Sapphire Laser

single-mode operation of
a cw laser, 3

Verdi 532 nm input
single longitudinal mode selection
in a long cavity. an example
Ti:Sapphire laser MBR-110,
Coherent, Inc. USA

Pump Lenses M

Etalon

/!

Fabry-Perot
(fine filter)

Pieze-meunted
Mirror

8W Verdi

L Bl bl LY T -.:;\\. ---------------------------------------
ﬁ‘\\\ ”f"'---\a“\‘\\\
6W Verdi %\

680 880 930 980
Wavelength (nm)

1030

Ti:S Crystal

Optical DIOdE Blrefrmgent Filter

.L _/_\B; :

3-plate Lyott filter
(rough filter)

/Odedes

\ Laser Output
N, o

Brewster Plates Beamsplitter

Output Coupler
Mirror g==

rMirror

Relative Linewidth® (kHz)(rms) <75
Typical Beam Divergence (half-angle)(mrad) 1.7

Typical Beam Radius* (mm) 0.25

Scan Range (GHz) 30

Spatial Mode TEMoo
Polarization Horizontal
Amplitude Noise® (rms) <1.5%

Tunability (nm)

700 to 1030 (high-power pump)

Laser Head Dimensions (L x W x H)

630 X 310 X 160 MM (25.2 X 12.4 X 6.4.in.)




single-mode operation of a cw laser, 4

single longitudinal mode selection in a long cavity — fiber Bragg grating. An
example: fiber laser, model Koheras Basic, NKT Photonics, Denmark

Koheras BasiK™ Module

E1s5

Cig

Center wavelength [nm] *

1535-1575, optionally other

1535-1575, optionally other

Laser emission

CW - inherently single frequency

CW - inherently single frequency

Beam quality M2 ¢1.05 M2 ¢1.05

Output power [mW] 2 up to 40 10

Line width [kHz] €0.1 [LorenED <50 (optionally <10)
Frequency stability [MHz] 3 o <50
Frequency-noise [Hz/VHz] 65@100Hz, 26@1kHz, 13@10kHz

Phase-noise [prad/\"Hz] im opt. path | 2.0@100Hz, 0 8@1kHz, 0_4@10kHz

RIN peak [MHz] app. 0.3 app. 0.9

RIN level [dBc/Hz]

<100 @ peak/<135 @ 10MHz

<120 @ peak/<140 @ 3MHz ¢

1. The center wavelength is selectable within the specified range.

2. Depends on the center wavelength.

3. Over1 hour after warm-up and ambient temperature variation < 2 °C.

Frequency noise (Hz/VHz)

1000 5 : !
] E15 Frequency noise | | qg
I — Typ. noise ] Ty
100 e — Max.noise [] L
% 11 B
10, m\“\% 1S
p—y os 8
] 401 3
] E Rl
T3 @
] £
_ 40015
1 A A
10 100 1000 10000 100000 1000000

Frequency (Hz)




single-mode operation laser frequency stabilization

Appl. Phys. B 31, 97-105 (1983)

Applied P
we need a reference frequency: Physics B &hemisty
> relative, most often Fabry- © Springer-Verlag 1983

Perot interferometer
» absolute, a transition in a atom

or a molecule Laser Phase and Frequency Stabilization

Using an Optical Resonator

R. W. P. Drever
University of Glasgow and California Institute of Technology, Pasadena, CA 91125, USA

J. L. Hall* and F. V. Kowalski**

Joint Institute for Laboratory Astrophysics, National Bureau of Standards and University
of Colorado, Boulder, CO 80309, USA

J. Hough, G. M. Ford, A. J. Munley, and H. Ward
Department of Natural Philosophy, University of Glasgow, Glasgow, Scotland G12800

phase  polarizer F-P cavity
isolator modulator

laser

ﬁ
\_/

A /4

amplifier
generator
photodetector

I
scheme of the PHD system (Pond, Drever,

RN Hall)

filter mixer




phase  polarizer F-P cavity PHD lock

isolator modulator

/1/4
generator e
after the modulator

Ein — Eoei(wt+ﬁsinﬂt)

= Eo[]o(ﬁ)eiwt + J1(B)el@+t _]1(,8)€i(w_mt]

laser

A Y

amplifier

photodetector

filter mixer signal power: P, = ]02(,8) - Py, Ps = ]12(ﬁ) - Py

reflection from Fabry-Perot

r(eiqb — 1) 2wl
=75z = 77
reflected wave
Eref = F(w) - Ein

— reflection coefficient

signal from the photodetector = reflected power

Prey = |Eref|2 =

= PeIF(@)I? + PS{IF (0 + D)1 + |F (w0 — D)2}
+2./PcPs{Re[F(w)F*(w + Q) — F*(w)F (w — Q)]cosQt}
+2/PcP{Im[F(w)F*(w + Q) — F*(w)F(w — Q)]sinQt} + -+

mixer selects one quadrature

S = 2/P-PIm[F(w)F*(w + Q) — F*(w)F(w — Q)]



phase  polarizer F-P cavity PHD lock
isolator modulator

=

A /4

laser

A Y

amplifier

generator °
X

filter mixer

photodetector

SxIm[F(w)F'(w+ Q) — F'(w)F(w — Q)]

the dispersion line-width scales as 1/ o

F =100,0 =0.04 - FSR,



PHD lock in KL FAMO (Roman Ciuryto) 002+ X8 X0 st sicarros
o X775, X,=30
001 | o X=7,X%,=30
‘ x X=7, %=31
, -
N
<001}
-0.02 -
-0.03
0

Cav1

)
i

SERVO 1a |
=[O ECDL 1 ' —p ©.
SERVO 1b p*

SERVO 2 |=======- ECDL 2 i

2
o
1

I
0.8
0.6

i

2 4

b
E
1
Beatnote (relative units)

Av {MHz)

Cav2

bt
Y
1

[ ——
g
==
/
Beatnote (relative units)
v

(@

-50 0 50 100 150 200



Ultra-stable single-frequency cw laser - low noise - 532 nm - upto1W

- PRODUCT LINE

SPECIFICATIONS @ 532 nm

Operational mode

Spatial mode

Bearmn roundness (at exit)

Thermal tuning coefficient

Thermal tuning range

Thermal response bandwidth

PZT tuning coefficient

PZT tuning range

PZT response bandwidth

Emission spectrum

Spectral Inewidth (over 100 ms)
Coherence length

Frequency stability

Relative intensity noise (RIM}, f= 10 kHz
RIN with Noise Eater (NE) option, f= 10 kHz
Intensity noise without NE, 10 Hz to 2 MHz
Intensity noise with NE, 10 Hz to 2 MHz

Type of second harmonic generation

Modulation frequency for cavity stabilization

Laser head size, w-h -d

Laser head weight

Continuous wave
TEMg (M2 < 1.2)
<13

&

60

1

=2

+200

100
Single-frequency

<-90

<-135

<01

< 006
MNon-resonant
N/A
150-113-336
6.8

Continuous wave
TEMg (M2 < 1.1)
<11

&

&0

1

=2

+200

100 %
Single-frequency
1

112

>1
2
<-90

12

<-1257

<01

< 0.06
Resonant ®
129
270-179-528
30

GHz/K
GHz/K
Hz
MHz/N
MHz
kHz

kHz

km
MHz/rnin
dB/Hz
dB/Hz

% rms

% rms

MHz

mim

kg

“5mall signals. # Measured allan deviation at constant room temperature. ™ sideband leve| attenuation at modulation
frequency = 30dB. ¥ Pound-Drever-Hall stabilization. ®*Other modulation frequencies an request. "™ Arbitrary units.

Baat signal / dBm

& & L &8

Prometeus (Innolight)

SPECTRAL LINEWIDTH

=10000 o 10000 20000

Frequency |/ Hz



modulation transfer spectroscopy (MTS) November 1982 / Vol. 7, No.11 / OPTICS LETTERS 537

Modulation transfer processes in optical heterodyne saturation
spectroscopy

Jon H. Shirley

set-up
absorption
single-mode laser

isolator {a}

0\\A : \
‘\\ \ - —+ } e

phase
modulato

absorption

cell . .
Wm dispersion

_ A M
A T

A1 1 | N 1 ] |
W 172wy, O 12wy wh




Zj«

He-Ne laser stabilization to a
molecular resonance using MTS

Auxiliary
HVA

He-Ne laser

g

TC

Stabilized
beam

G. Galzerano, F. Bertinetto and E. Bava, Metrologia 37, 149-154 (2000)

[} FMS
=10 n
10 = M, 13
@5x10 )T +(4x10 )
. 13, AR -14
) . (9x10 )z +(3x10 )
10” ..
<
© 1072 1
||
1073 L e
o
1 1 L L 1 1 L
10° 102 10" 10° 10" 10 10°

PD ( ;
M lodine -
1 Lg odine cell = = M,
& ? Wz N
TC P,
A —p DBM-1
L=50cm
B8 Ly < i Py
N A-[FR |- -eee-[AOM] @
212 BS, _.
f=40 kHz to 90 kHz Viow™ 360 kHz
_® Lock-in
amplifier
DBM-2 Vv, =40 MHz
120340
120320 | T}}. E
T 120300 F 1 ] ¥
x
= el 1
f 120280 1
:? |
3:!: -40000 |-
-40020 |
~40040 |

lodine pressure / Pa



SPECIFICATIONS

ABSORPTION IODINE

Frequency range @ 532 nm 563.205-563.265 THz
Frequency stability @ 1064 nm 10 2 or better (relative Allan deviation, % 10
jodine transition R(56) 32-0, a10) =
Laser systerm InnoLight Prometheus E 15 ——
(separate data sheet) [1107] P’fﬁ%gfj
Operational mode Continuous wave 20 P
= % P53(320)
Spatial mode TEMeo (M2 < 1.1) R‘ﬁ?‘i]‘u ]
Laser emission spectrurn Single-frequency W5 terer0 terers tevea0  faveas  187ee0
Wavenumber | e
Wavelength 532 and 1064 nm !
Output power @ 532 nm Depending on laser model
IR FREQUENCY DRIFT
Cutput power @ 1064 nm > 500 mw W
Br 4
Optical setup size,w -h-d 614-224-513 mim &L ]
Optical setup weight 55 kg s ar 1
2+ i
Control electranics Details on request “E (] ————
Aprbitrary units 'E- 2r 1
=} - 4
N 4
A ]
-0 n L " L L L L . N
0 F] 4 & 8 10
Time / h
Prometeus, stabilization to I, molecular line te-11 IR FREQUENCY STABILITY
% 1E-12 1
i el T T
1E-14 ! L
1 10 100 1000

Integration tims /5



nature
phOtomCS PUBLISHED ONLINE: 9 SEPTEMBER 2012 | DOI: 10.1038/NPHOTON.2012.217

ARTICLES

A sub-40-mHz-linewidth laser based on a silicon
single-crystal optical cavity

T. Kessler!, C. Hagemann', C. Grebing', T. Legero!, U. Sterr!, F. Riehle'*,
M. J. Martin?, L. Chen?' and J. Ye2*

State-of-the-art laser frequency stabilization by high-finesse optical cavities is limited fundamentally by thermal noise-
induced cavity length fluctuations. We present a novel design to reduce this thermal noise limit by an order of magnitude
as well as an experimental realization of this new cavity system, demonstrating the most stable oscillator of any kind to
date for averaging times of 0.1-10 s. The cavity spacer and the mirror substrates are both constructed from single-crystal
silicon and are operated at 124 K, where the silicon thermal expansion coefficient is zero and the mechanical loss is small.
The cavity is supported in a vibration-insensitive configuration, which, together with the superior stiffness of the silicon
crystal, reduces the vibration-related noise. With rigorous analysis of heterodyne beat signals among three independent
stable lasers, the silicon system demonstrates a fractional frequency instability of 1x 107'® at short timescales and
supports a laser linewidth of <40 mHz at 1.5 pm.



limit- thermal noise of the materials

a 20 . b 4
B Silicon
i W Substrates | os8x 10719/g (mm)
W Coatings CES
~ 151 W Spacer cT::: - .“”’FFA__
T = 0 e -
l::f: 7 &:} 4 ._'_'_,_,_,—o-'-""'f
mI < J:% -2
o 10+ =) = u
o w i) 1
g | — T -4 ,/’H/
= ) g
= g ] -
“ s - 7 ULE
g A 169 %10710/g (mm
i - i -
—5 4 d [S—
0.0 - I 7 7 I T I T
ULE/ULE FS/ULE Silicon/Silicon -4 -3 -2 -1 0 1 2
Substrate/Spacer material Upward shift from centre (mm)

Figure 1| Performance of a single-crystal silicon Fabry-Perot interferometer. a, Estimation of frequency noise power spectral density arising from Brownian-
motion thermal noise for various mirror substrate and spacer materials at their corresponding zero crossing temperatures. The nominal dimension of the
optical cavity has a spacer length of 210 mm, spacer radius of 50 mm, central bore of 5 mm, radii of curvature of 1 m/eo for the two mirrors. Right axis:
corresponding Allan variance for fractional optical frequency instability (Allan variance is the square of Allan deviation presented in subsequent figures).

b, FEM simulation of the vibration sensitivity of the vertical cavity design as a function of position of the central support ring from the symmetric plane, for
ULE and single-crystal silicon as cavity materials. Inset: strain energy distribution for the silicon spacer.



Active shield Vacuum chamber

Passive shield

Cooled
nitrogen gas
feeding lines

Vibration isolation platform

Figure 2 | Schematic of the vibration-reduced, nitrogen-gas-based cryostat,
including the vacuum chamber and two heat shields centred around the
silicon single-crystal cavity. The thermal time constant of the system is

10 days.

Beat signal

o

Mormalized power

spectrum

construction and results

1.0 ~

1 A
0.8 ¢

] 1
0.6 1 . "I

_ — 49+ 4) mHz

|

D'q_- III *.
0.2 H o g =-, L

i . ‘gj} A -
0.0 - ' 2l e
! . , .
-0.6 -0.4 -(.2 0.0 0.2 0.4 06

Optical beat frequency (Hz)

Figure 5 | Optical heterodyne beat between the silicon cavity system and
REF. 2. a, Beat signal mixed down close to d.c and recorded with a digital
oscilloscope. b, Normalized fast Fourier transform of the beat signal recorded
with a HP 3561A FFT analyser (37.5 mHz resolution bandwidth, Hanning
window). A Lorentzian fit is indicated by the red line. The combined result of
five consecutive recordings of the beat signal (black dots) is displayed here,
demonstrating the robustness of this record-setting linewidth.



widmo lasera pracy ciggtej, posz. jedn.

wypalanie dziur w przestrzennym
profilu wzmocnienia

0 1 2 3 4 5 6
| |
z |
— I,
I, n, m - indeksy modéw wneki

1

— Y -
) /vo 1+ F/F,
Jak dostac prace jednomodowg?

L wneka pierscieniowa — nie ma fali stojgcej, np. laser szafirowy

O osrodek aktywny blisko jednego z luster, np. laser pétprzewodnikowy z zewnetrzng wneka



