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ABSTRACT

The LIGO Pre-Stabilized Laser (PSL) system consists of a Laser, areference 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 isto 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 advantageousto 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, areference cavity (RC) and its servo
system, and a pre-mode cleaner (PMC) and its servo system. In the LIGO PSL system thelight 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 inthe 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 PM C 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 (@) before the pre-mode cleaner and (b) after the pre-mode
cleaner.
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Fig. 1 Configurations of the pre-stabilized L aser with the light picked off for the reference
cavity (a) beforethe 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

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

Vout: Frequency of the light coming out of the PSL

Lpmc: Low passfilter dueto the cavity pole of the PMC



(LPMC :m

S+ Uhyc
Hpuc: High pass filter due to the cavity pole of the PMC

, S Laplace variable, abuc: cavity pole frequency of the PMC)

S . .
(Hpye =——— , s Laplace variable, apuc: cavity pole frequency of the PMC)
S+ Whyc
Lrc: Low passfilter dueto the cavity pole of the RC

(47 . .
(Lge = N RC__ s Laplace variable, axc: cavity pole frequency of the RC)
S C
Apvc: Gain of the sensor/filter/amplifier/actuator of the PMC servo in the configuration (a)
Arc: Gain of the sensor/filter/amplifier/actuator of the RC servo in the configuration (a)
Brvc: 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 Hpwc 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) beforethe 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 gains of the RC servo and the PM C servo in the configuration (a), Gre@)r Gruvce), are,
respectively
GRC(a) = LrcAre

Yinthis report aloop gain of a servo system is defined to include “-1" as a negative feedback.



GPMC(a) = —LovcAmic:

The loop gains of the RC servo and the PM C servo in the configuration (b), Gregy, Gemc), are
obtained by calculating the servo suppression ratio” for 1 and Veyc, respectively.

G - LrcBreLac 1+ Boyc)
rew 1+ Boyclpuc

G — BowcLauc (F1+ Beclre)
e 1+ Baclpuclre

Note that the following plausible equations are not exactly correct:
GRC(b) 7 LRC BRC LPMC

GPMC(b) 7 _LPMCBPMC )

because of the combined servo |oops existing in the configuration (b).

The LIGO PSL system for the 40m prototype has the configuration (@) with the following parameters:
Table1l Parametersof the LIGO PSL

: Cavity Pole Frequency, akc 40 kHz

Reference Cavity Servo Unity Gain Frequency, fuc.rc 500 kHz
Cavity Pale Frequency, abvc 200 kHz

Pre-Mode Cleaner Servo Unity Gain Freguency, fuc-pvc 1.6 kHz

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

fUG—PMC << %C << %\/IC < fUG—RC
Under this 40m PSL condition, we can easily prove that

GRC(b) = LpcBrelpuc

Govicw) = ~LowcBeue  (f < fug-puc)

are correct®. Thereforein 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 Bgc:

_ A
BRC_qC
Bowc = Aic

Wewill call these equations “the conditions for eguivalence’.
4. Frequency Stabilization
Here we will compare the frequency stabilization for the configuration (a) and (b).

The transfer function from 1 to Vow( in the configuration (a) is

% Inthis report a servo suppression ratio is defined to be 1/(1-Gjoop), Where Gioqp iS the loop gain of the
servo system. Therefore the loop gain, Gioep, Can be calcul ated from the servo suppression ratio.

3 Note that Lpyc=1 (f < fug.pmc).



|/out(a) —_ (1 + APMC ) I-PMC

Vi 1+ APMC LPMC )(-1+ ARCLRC)
Under the 40m PSL condition, this can be approximated to

Voua ~ LPMC

Ve (_1+ Ahc LRC)
Thisindicates that the frequency of the light is stabilized by the loop gain of the RC servo, Gre(g =
LrcArc, and low-pass-filtered by the PMC, Lpyc.

The transfer function from v to Voup) in the configuration (b) is
Voury _ _ @+ Boyc) Lo

Vi 1= Boyclouc +(1+ BPMC)BRCLPMCLRC
Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated
to

Vouy ~ _ Lewc

Ve (_1+ Ahc LRC)
Thisindicates that the frequency of the light is stabilized by the loop gain of the RC servo, Gre(g =
LrcArc, and low-pass-filtered by the PMC, Lpyc.

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) vewc
The transfer function from Vewc to Vau in the configuration (a) is
Voua - HPMC

I/PMC 1+ ADMCLPMC
Thisindicates that the effect of the resonant frequency of the PMC on vy, is suppressed by the loop
gal n, GPMC(a) = 'LPMCAPMC, and hi gh—pass—flltered by the PM C, HPMC-

The transfer function from Vewc to Vau in the configuration (b) is

Voury _ _ Hpuc

Vemc =1-Boyclpuc + (L+ Boyc) Beclpyclrc
Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated
to

Vour) Hewc

Veme  1— A?CLRC(1+ ADMC)
Thisindicates that the effect of the resonant frequency of the PMC on vy is suppressed by the
equivalent loop gain ArcLrc(1+Apuc)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 vy by the equivalent loop gain of Gre = ArcLrc than the configuration (a).

(2) Vre



The transfer function from Vgc to Vowg in the configuration (a) is
Voua - _ (1+ ADMC)ARCLPMCLRC
Vie (1+ ADMCLPMC)(_1+ APCLRC)
Under the 40m PSL condition, this can be approximated to
Voua ~ LPMCAPC LRC
Vie 1- Ahc LRC
Thisindicates that the effect of the resonant frequency of the RC on vy is low-pass-filtered by the

PMC, Lpuc below the unity gain frequency of the RC servo, and in addition decreases with the loop
gain of the RC, Grc = ArclLrc, above the unity gain frequency of the RC servo.

The transfer function from Vrc t0 Vouw) N the configuration (b) is
I/out(b) —-_ (1+ BPMC) BRC LPMC LRC
Vie -1- BPMCLPMC +(1+ BPMC)BRCLPMCLRC

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

Voun ~ Ahc LRC
Vie 1- Ahc LRC
Thisindicates that the effect of the resonant frequency of the RC on vy is direct below the unity gain

frequency of the RC servo, and decreases with the loop gain of the RC, Grc = ArclLrc, 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 vy, by the low passfilter of the PMC, Lpuc, than the configuration (b).

6. Effect of Noisein 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 e ectronic noise existing in the cavity locking servo systems can be treated as noise,
Newc and Nrg, injected right after the discriminator and the cavity low pass filter as shownin Fig. 3.
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Fig. 3 Noise existing in the cavity servo sysems.

(1) Nemc
The transfer function from ANVewc tO Vo 1N the configuration (a) is

Voua - ADMCH PMC

NPMC 1+ ADMCLPMC
Under the 40m PSL condition, this can be approximated to
Voua ~ ADMCH PMC

NPMC 1+ ADMC
Thisindicates that the effect of the noise of the PMC servo on Vo is high-pass-iltered by the PMC,
Hpwc and decreases with Apyc above the unity gain frequency of the PMC servo.

The transfer function from AVewc tO Vo in the configuration (b) is
Vouy — _ BewicHewc

Newic =1-Byyclouc + (1 + Boye) Brebpwcbre
Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated
to

Voury AocHpuc
NPMC (1+ ADMC)(]'_ APCLRC)

Thisindicates that the effect of the noise of the PMC servo on Vo is high-pass-iltered by the PMC,
Hpwc, 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 vy, by the
loop gain of Grc = ArcLrc than the configuration (a).

(2) NMrc
The transfer function from Ngc tO Vou in the configuration (a) is
Vot _ _ @+ Agic) Acclome

NRC (1+ ADMCLPMC)(_1+ APCLRC)
Under the 40m PSL condition, this can be approximated to
Voua ~ Aac LPMC
NRC 1- Ahc LRC
Thisindicates that the effect of the Noise on the RC servo on v, is low-pass-filtered by the PMC,

Lpwc, 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 Ngc to Vow in the configuration (b) is
Vou) - 1+ Boyc) BreLouc
Nre =1-BpycLlpc + (1+ Bpyc) BreLpvclae
Under the 40m PSL condition and also with the conditions for equivalence, this can be approximated
to

Yoty - Are
NRC 1- A:&C LRC




Thisindicates that the effect of the Noise on the RC servo on vy increases with 1/Lgc below the unity
gain frequency of the RC servo, and decreases with Agrc above the unity gain frequency of the RC

SErvo.

Therefore the configuration (a) gives more suppression by the low passfilter of the PMC, Lpyc

7. Summary

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

Table 2 Summary of the comparison of the various per for mances between configuration (a) and

(b).

Configuration (a) Configuration (b) Comments
lISI?/IOCp gain of GPMC(a) = —LoucAwc GPMC(b) = ~LpycBruc Bovic = Amic
f<f (conditions for
_ ( a-rc) equivalence)
L oop gain of GRC(a) = LrcAre GRC(b) = LpcBrelpuc — Arc
RC Bre L
PMC
(conditions for
equivalence)
;ﬁﬁiﬂa%n* Voud ~ _ Leuc Vouy ~ _ Lewc Same
Vi (-1+ Arc LRC) Vi (-1+ Arc LRC)
T [aa P Gl Hae |t
frequency of | Veme 1+ Amiclauc Veme 17 Arclre 1+ Amic) | Arclre
PMC*
Fgoendag Vou ~ LPMCAQC LRC Vou ~ AQC LRC EE’; gsttl_e;\::an
frequency of Ve 1= Axclic Vee 17 Axclre
RC+
gfs&t gf noise Vou( ~ AmicHeuc Vou(e) ~ AmcHeuc Eg; tt;;tgqctian
Servor Newe 1+ Apyc Neve 1+ Apyc) (1~ Arcle) ArcLre
Effect of noise Vot _ Arclenc Vouty _ A (a) better than
of RC servo* = = (b) by Lemc
Nec 1= Axclec Nee 1= Axclee

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 servois also better in
the configuration (b) than (a) by Gre = ArcLrc, athough 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 (&) to (b).







