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ABSTRACT

The LIGO Pre-Stabilized Laser (PSL) system consists of a Laser, a reference cavity and its
servo system, and a pre-mode cleaner and its servo system. In the LIGO PSL system the
light is picked off for the reference cavity before the pre-mode cleaner. An alternative way
is to pick off the light for the reference cavity after the pre-mode cleaner. These two
configurations are compared in terms of the loop gain, the frequency stabilization, the
effect of the resonant frequency of the cavities, and the effect of the noise in the cavity
servo systems. It was found that it is advantageous to pick off the light after the pre-mode
cleaner to suppress the effect of the variation in the resonant frequency of the pre-mode
cleaner on the frequency of the light coming out of the PSL system. No obvious
disadvantages were found in this configuration.



1. Introduction

The LIGO Pre-Stabilized Laser (PSL) system consists of a Laser, a reference cavity (RC) and its servo
system, and a pre-mode cleaner (PMC) and its servo system. In the LIGO PSL system the light is picked
off for the reference cavity before the pre-mode cleaner. The error signal obtained in the RC readout
system is filter-amplified and fed back to the Laser. The error signal obtained in the PMC readout
system is filter-amplified and fed back to the PMC.

Recently it was found at the 40m prototype at Caltech that the variation in the resonant frequency of the
PMC caused by the vibration of the PMC was limiting the sensitivity in the frequency of the light
coming out of the PSL. It was suggested by O. Miyakawa that an alternative configuration, that is, to
pick off the light after the PMC, could reduce the noise. Actually C. Mow-Lowry has been preparing the
change of the configuration at the 40m.

In this brief report these two configurations, picking off the light for the RC before and after the PMC,
are compared in terms of the loop gain of the servo systems, the frequency stabilization, the effect of the
variation in the resonant frequency of the cavities on the frequency of the light coming out of the PSL,
and the effect of the noise in the cavity servo systems on the frequency of the light.

2. Block Diagram

Figure 1 shows the simplified schematic diagrams of the PSL system with the two configurations: the
light picked off for the reference cavity (a) before the pre-mode cleaner and (b) after the pre-mode
cleaner.
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Fig. 1 Configurations of the pre-stabilized Laser with the light picked off for the reference cavity
(a) before the pre-mode cleaner and (b) after the pre-mode cleaner.

The block diagrams of the systems with the two configurations are shown in Fig. 2. Here each symbol
represents the following physical quantity:

w.: Frequency of the Laser

vemc: Resonant frequency of the PMC determined by the cavity length of the PMC

we: Resonant frequency of the RC determined by the cavity length of the RC

Vout: Frequency of the light coming out of the PSL

Lpymc: Low pass filter due to the cavity pole of the PMC



[
(Lppe = —=MC__ s: Laplace variable, apyc: cavity pole frequency of the PMC)
S + Wpyie

Hpyic: High pass filter due to the cavity pole of the PMC

s
(Hpye =——, s: Laplace variable, apyic: cavity pole frequency of the PMC)
S + Wpyic

Lgc: Low pass filter due to the cavity pole of the RC

@,
(Lpc = —=RE€__ s: Laplace variable, axc: cavity pole frequency of the RC)
S+ Wy
Apmc: Gain of the sensor/filter/amplifier/actuator of the PMC servo in the configuration (a)
Agrc: Gain of the sensor/filter/amplifier/actuator of the RC servo in the configuration (a)
Bpmc: Gain of the sensor/filter/amplifier/actuator of the PMC servo in the configuration (b)
Brc: Gain of the sensor/filter/amplifier/actuator of the RC servo in the configuration (b)

A triangle with + and — represents a discriminator. Note that Lpyc and Hpyc has the following
relationship:

LPMC +HPMC =1.

This relationship will be used very often in the following calculations.
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Fig. 2 Block diagrams of the pre-stabilized Laser with the light picked off for the reference
cavity (a) before the pre-mode cleaner and (b) after the pre-mode cleaner.

3. Loop Gain
We will first compare the loop gains for both servos in the configuration (a) and (b).
The loop gainsl of the RC servo and the PMC servo in the configuration (a), Grce), Gemcqa), are,

respectively

GRC(a) = LpcArc

"' In this report a loop gain of a servo system is defined to include “-1” as a negative feedback.



GPMC(a) = _LPMCAPMC .
The loop gains of the RC servo and the PMC servo in the configuration (b), Grep), Gemcw), are obtained
by calculating the servo suppression ratio” for 1_and vpyc, respectively.

G — LRCBRCLPMC (1 + BPMC)
o 1+ BPMCLPMC

G — BPMCLPMC (_1 + BRCLRC)
PMee 1+ BRCLPMCLRC

Note that the following plausible equations are not exactly correct:
GRC(b) # LycBreLpyc

GPMC(b) # _LPMCBPMC >
because of the combined servo loops existing in the configuration (b).

The LIGO PSL system for the 40m prototype has the configuration (a) with the following parameters:
Table 1 Parameters of the LIGO PSL

. Cavity Pole Frequency, arc 40 kHz

Reft Cavity S - - 2
elerence Lavity Servo Unity Gain Frequency, fuc.rc 500 kHz
Cavity Pole Frequency, @pmc 200 kHz

Pre-Mode Cl S - - y
re-viode Lleanet Servo Unity Gain Frequency, fuc.pmc 1.6 kHz

In the following discussion, we assume that the system with the configuration (b) should also give the
same performance as this system, namely:

Jug-pmc << Ore << Opyie < fug-re
Under this 40m PSL condition, we can easily prove that
GRC(b) ~ LycBreLpyc

GPMC(b) ~ —LoycBove (f < fug—puc)

are correct’. Therefore in order to make the loop gain of both servos on the configuration (b) the same as
those on the configuration (a) within the bandwidth of each servo system, we must satisfy the following
conditions for Bpyc and Brc:

B ARC

RC —
Loy

Biyic = Apyic
We will call these equations “the conditions for equivalence”.

4. Frequency Stabilization
Here we will compare the frequency stabilization for the configuration (a) and (b).

The transfer function from 11 to Vou( in the configuration (a) is

? In this report a servo suppression ratio is defined to be 1/(1-Gioop), Where Gioop is the loop gain of the
servo system. Therefore the loop gain, Gieop, can be calculated from the servo suppression ratio.

3 Note that Lpvc=1 (f < fug-pmo)-



V sut(a) _ (I+ Apyic ) Lpyic

Vi (1 + APMC LPMC )(_1 + ARC LRC )
Under the 40m PSL condition, this can be approximated to
Vout(a) - LPMC

Vi (—1+ AgcLyc)
This indicates that the frequency of the light is stabilized by the loop gain of the RC servo, Gre@) =
LrcAgrc, and low-pass-filtered by the PMC, Lpypc.

The transfer function from 11, to Vo) in the configuration (b) is
Vouw) _ _ (+ Bpic ) Lpyc
Vi = 1= ByyeLpne + (14 Bpnie) Bre Lonic Lre
Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated to

Vout(v) ~— LPMC

Vi (_1 + ARCLRC)
This indicates that the frequency of the light is stabilized by the loop gain of the RC servo, Gre@) =
LrcAgrc, and low-pass-filtered by the PMC, Lpypc.

Therefore the frequency of the light is stabilized exactly in the same manner for the configuration (a) and

(b).
5. Effect of the Resonant Frequency of the Cavities

We will compare the effect of the resonant frequency of the cavities for the configuration (a) and (b).

(1) veme
The transfer function from vpaic t0 Vouya) in the configuration (a) is
Vout(a) — H e

Veme 1+ ApycLpuc

This indicates that the effect of the resonant frequency of the PMC on 14, is suppressed by the loop gain,
Grmc() = -LemcArmc, and high-pass-filtered by the PMC, Hpwic.

The transfer function from 1pmc to Vouy) in the configuration (b) is

Vouw _ Hpyic

Veme —-1- BPMCLPMC +(1+ BPMC )BRCLPMCLRC
Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated to
Vout(b) ~ H PMC

Vime 1= AreLpe (L+ Apye)
This indicates that the effect of the resonant frequency of the PMC on v, is suppressed by the
equivalent loop gain ArcLrc(1+A4pmc)and high-pass-filtered by the PMC, Hpyc.

Therefore the configuration (b) gives more suppression to the effect of the resonant frequency of the
PMC on v, by the equivalent loop gain of Grc = ArcLrc than the configuration (a).

(2) we
The transfer function from k¢ t0 Vou() in the configuration (a) is



Vout) __ (A + Apyic) Arc Lonic Lrc

Vre (I + Appge Loy (=1 + ApeLye)

Under the 40m PSL condition, this can be approximated to

Vout(a) ~ LPMCARCLRC

Vre 1= AgcLyc

This indicates that the effect of the resonant frequency of the RC on 14, is low-pass-filtered by the PMC,
Lpyc below the unity gain frequency of the RC servo, and in addition decreases with the loop gain of the
RC, Gre = ArcLrc, above the unity gain frequency of the RC servo.

The transfer function from ke to Vou) in the configuration (b) is
Vouib) _ (1+ Bpyc ) Bre Lowic Ly
Vre — 1= BpyicLone + 1+ Bpyie ) Bre Lpwic Lre
Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated to

Vout(v) ~ ARCLRC
Vee 1= dyclpc
This indicates that the effect of the resonant frequency of the RC on 14, is direct below the unity gain

frequency of the RC servo, and decreases with the loop gain of the RC, Grc = ArcLrc, above the unity
gain frequency of the RC servo.

Therefore the configuration (a) gives more suppression to the effect of the resonant frequency of the RC
on Ve by the low pass filter of the PMC, Lpyc, than the configuration (b).

6. Effect of Noise in the Servos
In this section we will compare the effect of the noise in the servos for the configuration (a) and (b).

Shot noise and electronic noise existing in the cavity locking servo systems can be treated as noise, Npmc
and Ngc, injected right after the discriminator and the cavity low pass filter as shown in Fig. 3.
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Fig. 3 Noise existing in the cavity servo systems.
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(1) Mwmc
The transfer function from Apumc to Voua) in the configuration (a) is

Yout(a) — Ay Hpyic

NPMC 1 + APMCLPMC

Under the 40m PSL condition, this can be approximated to
|4

out(a) ~ APMCH PMC
N, PMC 1+ APMC

This indicates that the effect of the noise of the PMC servo on Vo, is high-pass-filtered by the PMC,
Hpyic and decreases with Apyc above the unity gain frequency of the PMC servo.

The transfer function from Mc to Vouyw) in the configuration (b) is

Vou) _ BonicHpyic

N, PMC —-1- BPMCLPMC + (1 + BPMC )BRCLPMCLRC

Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated to
Vout) ApmcH pnc

Npye (1 Apye A = ApeLye)

This indicates that the effect of the noise of the PMC servo on Vi) is high-pass-filtered by the PMC,
Hpyic, and suppressed by the loop gain Gre=ArcLrc, and in addition decreases with Apyc above the
unity frequency of the PMC servo.

Therefore the configuration (b) gives more suppression to the effect of noise of the PMC on v, by the
loop gain of Grc= ArcLrc than the configuration (a).

(2) Mrc
The transfer function from Mc t0 Vou() in the configuration (a) is
Vouta) _ (I + Apyc) A Loyic

Nye (I+ Appie Lope (= 1+ ApeLye)

Under the 40m PSL condition, this can be approximated to

Vout(a) ~ ARCLPMC

N, RC 1- ARCLRC
This indicates that the effect of the Noise on the RC servo on 4, is low-pass-filtered by the PMC, Lpyc,

and increases with 1/Lgc below the unity gain frequency of the RC servo, and decreases with Arc above
the unity gain frequency of the RC servo.

The transfer function from Mgc to Vouy) in the configuration (b) is
Vout() __ (14 Bpyic ) Bre Lomc
Nic —1=BpycLpne + (1+ Bpyie ) Bre Lpnic Lyc

Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated to

Vour) . Axe

N, RC 1- ARCLRC
This indicates that the effect of the Noise on the RC servo on 14, increases with 1/Lgc below the unity
gain frequency of the RC servo, and decreases with Agc above the unity gain frequency of the RC servo.

Therefore the configuration (a) gives more suppression by the low pass filter of the PMC, Lppc



7. Summary

The results obtained by the above calculations are summarized in Table 2.

Table 2 Summary of the comparison of the various performances between configuration (a) and

(b).

Configuration (a) Configuration (b) Comments
Il;l(\)/})Cp gain of GPMC(a) = —LyyicApyic GPMC(b) % =Ly Bpuc Biyic = Apc
< (conditions for
(/< Jua-rc) equivalence)
Loop gain of GRC(a) = LycAyc GRC(b) % Ly BreLpyic B . = Arc
RC RC —
Linic
(conditions for
equivalence)
Frequency Vouta) Lonic Vouith) Loy Same
stabilization* R R
v, (=14 AgcLyc) v, (=14 ApcLye)
Effect of Vouta) Hopye Vouto) Hoye (b) better than
resonant = ~ (a) by Grc=
frequency of Vime 1+ ApveLpwic Veme 1= ArcLpe (1 + Apye) ArcLre
PMC*
Effect of Voutw  LoneAreLyc Voutv) AgeLye (a) better than
resonant ~ ~ (b) by Lpmc
frequency of Vre 1= A Lyc Vee 1= Arelpe
RC*
Effect of noise | v__ @ ApyeH e Vouto) Apye H oy (b) better than
of PMC ~ ~ (a) by Gre=
servo* Npne 1+ Apyc Npye (4 Apye A = ApeLye) ArcLre
Effect of noise | v_, ® ApeLpyc Vouto) Ape (a) better than
of RC servo* ~ R (b) by Lpmc
N, RC 1- ARCLRC N, RC 1- ARCLRC

40m PSL conditions are assumed.
* Conditions of equivalence are assumed.

The outstanding difference between the configuration (a) and (b) is the effect of the resonant frequency
of PMC as expected. The configuration (b) gives significantly more suppression to the effect than the
configuration (a). In addition the effect of the noise of the PMC servo is also better in the configuration
(b) than (a) by Grc = ArcLrc, although the effect of this noise might be negligible even with the
configuration (a). All the advantages the configuration (a) has are only effective above the cavity pole
frequency of the PMC; thus they are insignificant.

7. Conclusions

There are no significant disadvantages for the configuration (b). We should go ahead and change the
configuration from (a) to (b).



