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FREQUENCY STABILIZATION FUNDAMENTAL NOISE TERMS

- o O

@‘—’ Troneaten L T ]t N v= laser frequency
f= noise frequency

T
Basic noise terms - | _ RN
Spontaneous emission in oscillator Townes limit
Vz(f) = 2F;Q S = # of stored photons in mode
@ = quality factor of oscillator cavity
= T:-; e—f n = index of oscillator cavity
A = loss in cavity
. £ = geometric path length in
= 2MUTen ot oscillator

T = output coupler transmission

24n

Ten st = AT+A)

S in terms of measurable, the output power

2P [4 ~ P
- 2220k (= ]| 2 Zfoac
S = hy (cT) = Thy Ten ot

V’(f) - hy

Townes — P‘ueiz’"’cn -t;

Line width of oscillator 1/2 power full width (Gaussian phase wander assumed)

Ay(l/Zpower) = 2*Polh:;.n ot

Reexpressing t!i« noise spectral density in terms of the intrinsic line width

V(f) _ Av(1/2power)

Townes 2r
Argon laser
Lt =150cm Ten ot =9 X 107 85ec
T =0.1
A =0.01 Av(jpower) = 1.5 x 107%H 2
A =5145%x10"%m
P,ec= Swatts v(f) =5x 10~* H2/2
n =1 .
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Nd: YAG miser ring (at present)

n=1.82 Tetore = %ﬁ- = 4.5 x 10 %sec
£=11lem

T = .015

Poge = 5muw Av(3power) = 0.20H2
v=283x10*Hz v(f) =.22Hz2/?

The power spectral density of spontaneous emission noise due to spontaneous emission
in the amplifier '

Prrgnorne = hrAB AB = bandwidth of the amplifier

This produces a net phase wander in the output of the amplifier

Apd = h;AB | if uniformly distributed over the bandwidth
- hv hv
2 p — 2 = £3
? (f) Poge g (f) f Peye
v(f) fI i i
amplifier Poge

The intrinsic noise from the shot noise fluctuations at the cavity stabilizer detector

Sensitivity to frequency fluctuations

Ay + Az)

4( 1/2
Tuig = R.4[1 -=22 8- A;)} TpR, I, J,(0)Jy(T)
1

sin[lsﬂ IA oy} Au] sinwmt
¢ \TW(1-AF#2)

44+ Az)]

Ipc = R.T,RPI‘,J‘?(I‘) [1 T
1

Simplify by assuming T; > A; + A2 — which is not necessarily the best thing

to do to keep storage time in reference cavity high

2

Ten at = T, (1 _ (Ali-'lLAz)z) c
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With these assumptions

IpyL = R,IoJoz(I‘)
I s1g = 327 R, I,J,(T)J1(T) Tt Avsinwmt
Look at shot noise limit

hz(f) = 2 RcIoJoz(r)ﬂ
noise hy

2
r‘z2(f) - 2(32W)2R313J'3(I')J12(1‘) 2 r’(f).l./< sin® wmt >
sig (hv)? st 3

Value of v2(f) limited by shot noise

A2(f) = #%(S)
shot signal

v(f) 1 ( wo \YP o A() 1
Shot - 167|' ﬂPgmpR‘ Jl (r)ren st max ﬁ
Example suppose cavity storage time
£ = 1 meter T ~1x10"2 A~1x10"% TENz-T-."’Tf
=~ 6.6 x 10" sec
- 4x10-3 - — -5
Ry = e uncoated £ = 10 watts A = 5.145 X 10™°em
Paey = 400mw

v=>583x104Hz n=..8
v(f) =5.7x 1075 Hz!/?

Assumption for feedback system

a vi() L o3
m‘:t(;ﬁt = yshg{z) + (1+keg)?
To achieve the shot noise limit

v 92
V() = v(f) 4 (2 )
outpust shot kg,Zwi

kfg(o) ~ ABloop
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In 4K'm system if one desires 5 x 10" *sec storage time with mirrors having A ~
1x104

Ten st = %f T = 27t = 5.33 x 10~3 =133 X 10~ 8sec = 13usec

Ten st

Power lost in cavfty = ﬂﬂ%‘éﬂ =1.5x 102

If recycling is done these mirrors limit recycling gain to 30 in power for two cavities,
h sensitivity increase of 5 — 6

If long cavities are used for frequency stabilization in a final stage one must decide on
the power dedicated to the frequency lock

Without recycling: No strong case for limiting the power to the lock system
R, = 1.5 x 10~2 is not unreasonable

P, = 10watts power/arm = Swatts shot noise in a FOX/LI system same as
direct cavity interrogation system within factor of 2

Bandwidth is limited to vy, ~ 18K Hz2

1/2
:éﬁ o~ Té_a- (nP.’::R.) 7 (I‘)lr.. ~ J1{I')does not appear in gravity wave
~ 1.3 x 107 Hz!/3 ‘ shot noise for sym FOX/LI system.

so one could makeJ; (') = 71-5

If system is recycled it becomes more complicated loss is not equal to R,
but rather R,(1 ~ J,(T)) Jo(T') =0.2
when

80 optimization must be done on I' in modulator J1{T) max = 7‘5

But if frequency lock power to be maximized in a recycled system

R. ~ 45A1+Ag!

T
then

Pom = 2x16 I;, +142 =~ 8.338,

main besm splitter] "\ total loss
 So a recycled system with max signal into cavity lock system of the example param-
eters
v(f) = 8.4 x 10-8H21/3
To get to this with a loop gain of 1 x 10* limited by cavity free spectral gain requires

the stabilization to be good to

.Z&Q_. < 3x 10~4*Hz'? C(Clear that one must cascade frequency control loops with

intermediate cavities
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Given the v(f) ~ 10*Hz,/? in a typical argon laser, Nd: YAG at v(f) ~ 10' Hz/?
would also require intermediate stages of frequency locking

What is required?

Using transfer function of F P to gravity wave at w — 0

A _ 4
m”: op = ﬁf:n_u.
The phase change at the recombined output of the interferometer due to a frequency
shift
167 ¢, 167 £,
Ao = —~ LAy Ay 2 —o 22 A
¥1 Ty ¢ P2 T, ¢ v

The frequency shift is common mode to the two cavities. Let the two cavities have almost
the same length and almost the same transmission for the input mirror (could do this with
loss as well but the result will be the same)

AT AT
Tl-—T——'Z— Tz—T+—2—

Al Al
ll—l+‘—2— lz—t——z—

167é, [ AL AT
Apiotal = Apy — Apg = cTo 7 + T] Av

Converting to h; through transfer function

2Av (AL AT . 2¢
Bhy = T[T * "f‘] UG Tem st~ T

Converting to amplitude spectral density

h(f) _ 2v(f) [_A_l AT] prior formula gave (bluebook)
- Lt T h(f) =2 (4t + &F) ¥

noise v
v

finesse
balsace

Estimate of what is required
Depends on ability to match finesse or T. Maximum length unbalance that can be
used to compensate finesse unbalance is determined by instrumentation chamber size

AlL3metere

at 103
adjustment max ¢ 10

AT/ T'depends on mirror coating uniformity
could be 1072 — 1073
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Optimistic case would be
4t + &L 0  more sensible is fewx10™®  say 2 x 10~3

For hArms ~ 1073 at 1KHz  h(f) ~3 x 10733

vh(f) _6x10 x3x10"%

~ ~ 4.5 x 1078 Hz1/3
2[5 + 4F) 2x2x10-3

v(f) <

Not clear that electronic subtraction of the cavity from signals helps here once one has
made such a good optical balance. One would have to do better in subtraction than in
the balance condition i.e. a part 10% subtraction since the frequency noise in the cavities
individually is allowed to be 103 times larger.
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