New Recycling Cavity calculations

This notebook calculates various parameters of the new recycling cavities.

Preparation
in[1:= << Conpl exUtil s
in[z:= << Gaussi anOpti cs*

in3= << Pl ot Legends*

m Parameters, constants
4= ppm=10"% Mz = 10%; nm=10"%;, nm = 1079,
insi= SpeedOf Li ght = {c -> 299792 458};
ine:= waveLength = {A » 1064 nm};

in[7:= substrate = {n » 1. 45};

Cavity Lengths with 11&55MHz modulations

It seems that the 9MHz-45MHz scheme requires a long recycling cavities which are basically impossible to house
chambers.
Here are cavity lengths with alternative modulation frequencies, 11MHz-55MHz

m Parameters

In[8]:= m'rrorParam;40m={rp—>m, tp—»'\/m, rx»m,
ryam, rs-»'\/m, ts-»’\/ﬁ, ri am, ti a\/m};

injo:= baseFreq = 11 MHz;

in[0):= Sb1Frequency = {w » 2 wbaseFreq, f » baseFreq, w 1-> 2 wbaseFreq, f1 - baseFreq};

in[11):= SbluFrequency = {w » (@ /. sb1lFrequency),
w 1> (w /. sblFrequency), f » (f /. sblFrequency), f1 -> (f /. sblFrequency)};

in12):= sbll Frequency = {w » (-w /. sb1lFrequency),
wl-s (-w /. sblFrequency), f » (-f /. sblFrequency), f1 -> (-f /. sblFrequency)};

in[13):= Sb2Frequency = {w » (5w /. sblFrequency),
w2-> (5w /. sblFrequency), f - (5f /. sblFrequency), f2 -> (5f /. sblFrequency)};

in[14:= Sb2uFrequency = {w » (5w /. sb1lFrequency),
w2-> (5w /. sblFrequency), f - (6f /. sblFrequency), f2 -> (5f /. sblFrequency)};

in[15):= sb2l Frequency = {w » (-5 /. sblFrequency), w 2-> (-5 /. sb1lFrequency),
f - (-5f /. sblFrequency), f2 -> (-5f /. sblFrequency)};
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Resonant conditions

We determine the macroscopic lengths of the recycling cavities by considering the resonant conditions of the carriet
sidebands to the cavities.

= PRC

PRC is resonant for both sidebands but anti-resonant for the carrier when the arm is not locked.
In order to make the PRC length as short as possible, the FSR of the PRC has to be twice the frequency of SB1. The
be odd multiple of SB1.

v pras the resonant tune of the PRC for carrier. It represents the phase change of the carrier along the one way of the
We disregard a large integral parbopror pre1 means the phase changerof 2

in6):= PRCTune = Solve[2v prc=0.5, v prd[[1]]

outj16]= {v prc- 0. 25}

The macroscopic length of the PRC determines the shift of the resonant tunes for sidebands with respect to the carrier
In order to resonate the SB1 in the PRC, this shift has to be 0.5 so that the total round-trip resonant tune for the SB1
PRC.

7= PRCMacroL = Solve[2fllprc/c = 0.5, Iprc]l[[1]] /. sblFrequency /. Speedf Li ght

oufi71= {l prc - 6. 81346}

= SRC

The SRC is resonant for the SB2 and the carrier.
v srgs the resonant tune of the carrier for one way trip of the SRC.

inf18):= SRCdeTune = Sol ve[2 v src==0/360, vsrq[[1l]]

ouffigl= {v src— 0}

The SRC macro length is chosen so that the total resonant tune of SB2 is an integral number for an SRC round-trip.
This integral number is arbitrary, but 2 is chosen to make SB1 as anti-resonant as possible to the SRC.

inf191:= SRCMacr oL =
Solve[2v srce2f2lsrc/ c =2, Isrc][[1]] /. SRCdeTune /. Speedf Li ght /. sb2Frequency // N

oui9]= {l src - 5. 45077}
The resonant tune of SB1 for an SRC round-trip.

npoj= 2fllsrc /c /. SRCMacroL /. SRCdeTune /. SpeedOf Li ght /. sblFrequency

out20)= 0. 4

This is close to the anti-resonance (0.5).

= Asymmetry
Schnupp asymmetry is chosen to make the SB2 critically coupled to the dual recycled michelson.
The Ml reflectivity and transmissivity can be written as functions of asymmetry Im.

in1:= rm =ri Cos[l mw 2/cCJ;
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npzl= tm =ri Sin[lmw 2/cl;

The reflectivity of the compound mirror formed by the Ml and the SRM

_ tm?rs
In[23):= rcomp = -rm + ——;
l1-rmrs

rcomp should be equal to rp to be critically coupled.

In[24]:= schnuppAsymmetry =
Fi ndRoot [-rconp == rp /. mirrorParans40m/. sb2Frequency /. SpeedOf Light, {Im 0.04}]

oupza= {I m= 0.0308879}

m Imperial numbers

Since the 40m optical layout CAD drawing is in imperial units, here we show important lengths in inches.

» PRC Length

in2s):= (I prc /. PRCMacrolL) /0. 0254

out25]= 268. 247

= SRC Length

in[26):= (I src /. SRCMacrolL) /0. 0254

out26]= 214. 597

= Asymmetry

in71:= (I m/. schnuppAsymetry) /0. 0254

out27]= 1. 21606

Reflectivities and losses

m PRC critical coupling condition
Here we examine how much loss is allowed for the folding mirrors for the recycling cavities.

The reflectivity of the arm cavity

n2gl= rarms= -ri + —————!}
1-ri //1-RTL

The reflectivity of the PRM for critical coupling is calculated here.
Ltt is the loss of the tip—tilt mirror. Note that there are two TT-stages and the beam sees each tip—tilt mirror twice for
trip.

In29= rprm=rarm * ('\/1—Ltt )4;
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Find the allowed loss for the tip-tilt mirrors given the design reflectivity of the PRM and the round-trip loss of the arms

in3ol:= Ltt /ppm/. FindRoot [rprm-rp /. mirrorParams40m/. RTL » 180 ppm {Ltt, 1000 ppm}]

out30]= 1372. 82

Beam Propagation and mode matching
In this section, we deal with the propagation of the beam to decide the radius of curvature (ROC) of the recycling mirrc
We also attempt to mode match the input beam to the IFO and the output beam to the OMC.

Throughout the section, | will extensively use functions frokhathematica package GaussianOptics'. This package was w
by me to provide combinient functions to calculate the propagation of a Gaussian beam. The documentation of the pz
be found in the package file itself. There is also a tutorial notebook on GaussianOptics included in the distribution arct
file.

= Cavity Mode Equation

Just a reminder of basic cavity mode calculations. The results will be used to get the cavity modes of the arm, recyc
mode cleaner cavities.

Beam parameter at the waist : q0

7 W02
nBi= 00 = 4 ;
A

At the front mirror

n321= g1 = q0 -di;

Require the ROC of the wave and the mirror match

1
ez~ eql = Rl == Sinpl i fy[l/ Real Part [— ];
ql
At the end mirror

inE4= g2 = q0+ (L-d1);

1
inEsi= eq2 = R2 == Sinpl i fy[l/ Real Part [q_z]]

Solve the cavity equations



in36l:= Solutions = Sinmplify[Solve[{eql, eq2}, {dl, wO}]]

L (L-R2) L4 (- (L+RL) (L-R2) (L+RL-R2))¥4~/x

L (L-R2) ilY4 (- (L+Rl) (L-R2) (L+RL-R2))4/a

L (L-R2) o iLY4 (- (L+RlL) (L-R2) (L+R1L-R2))V4~/0

L (L-R2) L4 (- (L+RLl) (L-R2) (L+RL-R2))¥*/x

out[36]= {{d1—>4, wl - -
2L+R1-R2 Vro(2L+RL-Re)?)M
fd1o ———— w0 -
2L+R1-R2 Vo (2L+RL-Re)Z)M
fd1o —— wo>
2L+RL-R2 At ((2L+RL-R2)
fd15 —— wo>
2L+R1-R2 Vi (2L+RL-Re)?)M

Pick the physical solution
in[37]:= cavi t yEi genMbde = Sol utions[[4]];

in38= wai st Position =dl /. cavityE genMde

L (L-R2)

out@g ——
2L+R1-R2

in[391= wai st Si ze = w0 /. cavityEi genhvbde

L4 (- (L+Rl) (L-R2) (L+RL-R2))¥*/n

out[39]=

Vi (2L+RL-Re)?)M

= 40m ArmCavity

Eigen mode of the 40m arm cavity

inja0j= ar mCavi tyParanms = {L » 38, Rl - -10000, R2 »57.37, A~ 1064 107°};

inf41:= wai st Position /. arnCavityParans // N

oua1]= 0. 0737434

Inf42)= wai st Si ze /. arnCavityParams // N

outj42)= 0. 00303267

g parameter at the waist of the arm cavity (at the ITM)

in43:= qOArm= g0 /. cavityEi genMbde /. arntCavityParanms // N

out43)= 0. +27. 1556 1

NewRecCav.nb
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= PRC

= Optical Length and Gaussian Length

Optical Length is the length used for calculating the resonant conditions. For a geometric length L, the optical length
where n is the index of refraction.

Gaussian Length is the effective length to be used for calculations of Gaussian beam propagation.

For Gaussian beams, a geometric distance L looks like L/n in a medium with index of refraction n.

in44]:= optLprc =1prc /. PRCMVacroL

outj44]= 6. 81346

Actual optical lengths for each arms taking into account the Schnupp asymmetry.
Xarm is shorter.

in4s):= optLprcX = (optLprc -1m/2 /. schnuppAsynmretry);
in46l:= optLprcY = (optLprc+Ilm/2 /. schnuppAsymretry);

Convert to the Gaussian length.
Take into account the fused silica path in the ITM substrate and the BS. For fused silica, n=1.45.

in471:= LprcXG=optLprcX- (1.45-1/1.45) % (Litm+Lbs) /. {Litm-> 25.4mm Lbs -» 1. 14666 » 25. 4 mm};
in4si= LprcYG=optLprcY- (1.45-1/1.45) xLitm/. {Litm- 25.4nm Lbs -» 1. 14666 % 25. 4 mm};

Average Gaussian length of the PRC

LprcXG+ LprcYG
Inf49= LprcG= f;

= PRMROC

Propagate the beam from the arm cavity waist (on the ITM HR surface) to the PRM position.

ins0):= qPRM = Conpi | eBeanPat h[{FreeSpace [LprcG]}, qOArm] [LprcG]

ou[s0]= 6. 78308 + 27. 1556 1
Convert the g—parameter into the radius of curvature.

ins1:= RprmD = @ oROCIgPRM A /. wavelengt h]

outs1)= 115. 499
The beam size on the PRM

ins2):= Q oBeanti ze [qPRM X /. wavelengt h]

out52)= 0. 00312585

= ABCD matrix for a round trip in PRC

0o 1 = o 1 I

1 LprcG)_ (% 0). (1 LprcG)].

53~ Tpre = Si rrplify[(



NewRecCav.nb |7

g factor

in[541= gprc = Tr [Tprc] / 2;

nsi= Mani pul ate[Row[{"g = ", gprc}] /. Rorm- x, {{x, RprnD, "PRM RCC'}, 30, 200}]
PRM ROC ]
out[55]= 115. 499 |_|> |+ ”lel

g - 0.882543

m  Transverse Mode Interval

in[s6]:= ¥ prc= ArcCos[gprc] / m;

7= Mani pul ate[Row[{"y = ", ¥y prg] /. Rorm-x, {{x, RprnD, "PRM RCC'}, 30, 200}]
M
PRM ROC J
out[57]= 115. 499 |_ | » |+ ”Q |¥ |
y = 0.15583

v is 0.155737 when the ROC of PRM is 115.633. It becomes 0.2 at ROC= 71 and becomes 0.15 at ROC=124.5.

= PRC cavity mode
The waist of the PRC should be located at the ITM

in[ssl:= qOPRC = q0 /. cavityEi genvbde /. {L - LprcG Rl -»>-Rprm R2 -» 10000};

Mode matching between the arm mode and the PRC mode.
in59:= Mani pul at e [Row[ {"Mode matching rate = ", Abs[MbdeMat chi ngCoef f [qOArm qOPRC /. Rprm- x]1]1}1,
{{x, RprnD, "PRM ROC'}, 60, 200}]

PRM ROC i

B
out[59]= 115. 499 |_|> |+”Q|&|

Mode matching rate = 0.999997
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ineo:= Pl ot [ModeMat chi ngCoef f [qOArm qOPRC],
{Rprm 60, 200}, AxeslLabel - {"PRM ROC', "Mdde matching rate"},
GridLines » Automatic, GidLinesStyle -» Directive[Brown, Dashed]]

Mode matching rat
1.00¢€;

0.995
out[60]=

0.99¢

-+
0 PRM ROC

= Beam propagation

The ABC matrix represents the lens effect of the PRM substrate.



in[e1:= Mani pul at e [Pl ot BeanPr opagat i on[{FreeSpace[LprcG], ABCDVatrix[{{1, 0}, {(1.45-1) /Rprm 1}}1},
gqOArm A /. wavelLength, 20], {{Rprm RprnD}, 60,

out[61]=

= SRC

200} ]

Rprm D
ns.e0 | EDFIERIE]
Beam Sz«
0.003¢ - 37””,,3 ,,,,,, i,,,, ,3,
0.003€¢ - i 777777 Ti ,,,,,, i ,,,,, ir
0.0034f - R o L
z

= Geometric Length, Optical Length and Gaussian Length

NewRecCav.nb
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Optical Length is the length used for calculating the resonant conditions. Gaussian Length is the effective length for
beam propagation

in[62]:= optLsrc =1src /. SRCMVacroL

Oout[62]=

5. 45077

Actual optical lengths for each arms.
Xarm is shorter

ine3:= optLsrcX = (optLsrc-1m/2 /. schnuppAsymmetry);

in[e4]:= optLsrcY = (optLsrc+Ilm/2 /. schnuppAsymretry);

Convert to the Gaussian length
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infes:= LsrcXG=optLsrcX- (1.45-1/1.45)  (Litm+Lbs *2) /. {Litm->25.4mm Lbs » 1. 14666 » 25. 4 mm};
infe6l:= LsrcYG=optLsrcY- (1.45-1/1.45) = (Litm+Lbs) /. {Litm- 25.4mm Lbs -» 1. 14666 » 25. 4 mm};
Average Gaussian length of the SRC

LsrcXG+ LsrcYG

in67]:= LsrcG=
2

outjs7]= 5. 39824

= SRM ROC

inesl:= qSRM= Conpi | eBeanPat h[{FreeSpace[LsrcG]}, gOArm] [LsrcG]

oufes)- 5.39824 + 27. 1556 i
The ROC of SRM

infe9:= RsrmD = @ oROC[QSRM A /. wavelLengt h]

outeg]= 142. 004
Beam size on the SRM
n[7oj= Q oBeanti ze[qSRM A /. wavelengt h]

outj70}= 0. 00309202

= ABCD matrix for a round trip in SRC

1 0
. . 1 LsrcG 1 LsrcG\q.
SII’T‘plIfy[(O 1 )( -rzm 1).(0 1 )]

in[71):= Tsrc

m g factor

In[72]:= gsrc = Tr [Tsrc] / 2;

in[73):= Mani pul ate[Row[{"g = ", gsrc}] /. Rsrm- X, {{X, RsrnD, "SRM ROC'}, 30, 200}]
SRM RCC G
out[73]= 142. 004 |_|> |+ ”lel
g = 0.92397

= Transverse Mode Interval

in[741= ¥ src= ArcCos[gsrc] / m;
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in[7s):= Mani pul ate[Row[{"y = ", ¥y srg] /. Rsrm- X, {{x, RsrnD, "SRM ROC'}, 30, 200}]
SRM ROC D
out[75]= 142. 004 |_|> |+ ”lel

vy = 0.124924

v is 0.124849 when the ROC of PRM is 142.172. It becomes 0.2 at ROC= 56 and becomes 0.15 at ROC=99.

m  SRC cavity mode
The waist of the SRC should be located on the ITM.

in[76):= qOSRC = q0 /. cavityEi genMbde /. {L - LsrcG Rl -»>-Rsrm R2 -» 10000};

Mode matching between the arm mode and the SRC mode.

in[771:= Mani pul at e [Row[ {"Mbde matching rate = ", Abs[MdydeMat chi ngCoeff [qOArm gOSRC /. Rsrm- x]]}],
{{X, RsrnD, "SRM ROCC'}, 60, 200}]

SRM ROC M

J
out[77]= 142. 004 |_ | » |+ ”Q |¥ |

Mbde matching rate = 0.999995

in[7el:= Pl ot [ModeMat chi ngCoef f [qOArm qOSRC],
{Rsrm 100, 220}, AxeslLabel - {"SRM ROCC', "Mdde matching rate"},
GridLines - Automatic, GidLinesStyle -» Directive[Brown, Dashed]]

Mode matching rat
1.00¢€
0.99¢

0.99¢
out[78]=
0.997

= Beam propagation

The ABC matrix represents the lens effect of the SRM substrate.

|11
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in[79l:= Mani pul at e [Pl ot BeanPr opagat i on[{FreeSpace[LsrcG], ABCDVatrix[{{1, 0}, {(1.45-1) /Rsrm 1}}1},
gOArm A /. wavelLength, 20], {{Rsrm Rsrn0D}, 100, 200}]

Rsrm M

<
w200 | EDHRRIE]

Beam Siz¢

0.003¢ — -
|
|

0003 P
|
|
|

0.0034f— - - - — - | | |
| | |
| | |
f f -z
R
Out[79]= : : :

1/ROC

o018 - T T
|
|

oowcl - o
|
|
|

0005

= Input Mode Matching

= MC output mode

in[soj= MCParam= {Rl1 - 100000, R2 » 18.4, L -» 13.6269};
g-parameter of the beam at the MC waist.

ins1:= qOMC = g0 /. cavi tyEi genMbde /. MCParam// N
oug1)= 0. +8. 06454 1

= MMT parameters

dl is the distance from the MC waist to the MMT1. dmmt is the distance between the two MMT mirrors. d2 is the diste
the MMT2 to the PRM front surface. fmmtl and fmmt2 are the focal lengths of MMT1 and MMT?2.

These are the current MMT parameters.



NewRecCav.nb |13

ing2]:= MMIParanD = {d1 - 1310 nm dmmt - 137 mm d2 » 1366 Mmm fmtl - -168 mMm fmt 2 - 687. 5 mm};

= Propagate the beam from the MC waist to the PRM.
Beam path object

in[g3:= | nput BeanPat h = {FreeSpace[d1l], Lens[fmmt 1], FreeSpace[dmnt ],
Lens [fmt 2], FreeSpace[d2], ABCDMatrix[{{1, 0}, {(1.45-1) /RornD, 1}3}1};

in[s41:= Compi | edl nput BP = Conpi | eBeanPat h [| nput BeanPat h, qOMC];

= Beam profile to be matched
The input beam g—parameter should match the q—parameter of the cavity eigen mode on the PRM, gPRM.

ings):= qPRM= Conpi | eBeanPat h[ {FreeSpace[LprcG]}, qOArm] [-LprcG]

oufss- —6. 78308 + 27. 1556 i

= See if the new mode matching can be achieved by just moving the distance between the MMT mirrors (dmmt).

infsel:= Pl ot [Abs [MbdeMat chi ngCoef f [gPRM Conpi | edl nput BP[d1 + dmt +d2] /. dmt - x /. MMIParan0]1],
{X, 100 nm 200 nm}, AxesLabel - {"dmt", "Mode matching rate"},
GidLines » Automatic, GidLinesStyle -» Directive[Brown, Dashed]]

Mode matching rat

0.044]

0.042}

Out[86]=

0.04¢+

0.03¢}

It is impossible to achieve a good mode matching just by moving dmmt.

= Find the optimal mode matching

Now we will change the focal lengths of the MMT mirrors.
Scan the focal lengths of the MMT mirrors to find the optimal focal length pair.

ins71:= Ansl = Fi ndMaxi mum[Abs [MbdeMat chi ngCoef f [gPRM
Conpi | edl nput BP[d1 +dmmt +d2] /. {fmmtl->x, frMmt2 sy} /. MMIParan0]],
{{x, -400 mm}, {y, 300 mm}}, AccuracyGoal - 5, PrecisionCGoal -» 5]

ous7)= {1., {x - -0.154225, y - 0.28988}}

Looks like the focal length of MMT1 does not have to be changed much. So we will try to find a good mode maching «
by changing dmmt and fmmt2.

inggl:= Ans2 = Fi ndMaxi mum[Abs [MbdeMat chi ngCoef f [gPRM
Conpi | edl nput BP[d1 + dmmt +d2] /. dmt - x /. frmt2 >y /. MMIParanD]1],
{{x, 137 mm}, {y, 200 nm}}, AccuracyCoal - 3, PrecisionGoal - 3]

ouyssl= {1., {Xx - 0.149162, y -» 0. 315565} }
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The optimal MMT parameters
According to the above optimization, we should change the distance between the MMT mirrors from 137mm to 149.Z
the focal length of MMT2 from 687.5mm to 315.6mm.

in[gol:= MMIParam=Join[{dmt -»x, fmmt2 >y} /. Ans2[[2]], MMIParanD[[{1, 3, 4}]11]1 // N

ougol= {dmmt - 0. 149162, fmmt 2 - 0. 315565, d1 - 1. 31, d2 » 1.366, frmt1 > -0. 168}
= Plot the contour of mode matching rate in the plane of dmmt and fmmt2.

injeo):= Pl ot 3D[Abs [

ModeMat chi ngCoef f [qPRM Conpi | edl nput BP[d1 + dmmt +d2] /. dmmt - x /. fmmt2 -y /. MMIParam] ],
{x, 100 nm 200 nm}, {y, 250 nm 350 nm}, Pl ot Range - Al |, AxesLabel - {"dmt", "fmmt2"}]

\\ 0.€
out[eo]= |

i
W
i

W
i
e

o
{




= Propagation of the beam from the MC waist to the PRM surface

in1:= Pl ot BeanPr opagati on [l nput BeanPat h /. MMI'Param qOMC, X /. wavelLength, dl1+dmt +d2 /. MMVTParam]

Beam Sizt
|
L |
|
0.003€— - - — - — +
L |
|
|
|
|
[ |
0.002— — — — — — T
[ |
|
|
|
B |
0.002€7————7% 777777
[ |
L 0:.5 10
|

out[91]=
1/ROC
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= Output Mode Matching
= OMC output mode
info2):= OMCParam= {Rl1 - 1000000, R2 » 1, L - 238 nm};

g—-parameter of the beam at the MC waist.

in[93):= qOOMC = q0 /. cavi t yEi genMbde /. OMCParam// N

outfo3l= 0. + 0. 425859 i

NewRecCav.nb
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= OMMT parameters

d1 is the distance from the SRM to the OMMT1. dmmt is the distance between the two OMMT mirrors. d2 is the dista
the OMMT2 to the waist of the OMC. fmmtl and fmmt2 are the focal lengths of OMMT1 and OMMT2.

These are the current OMMT parameters.

inf94]:= OMMIPar anD = {d1 - 5140 nm dmt - 384 mMm d2 -»809mMm fmtl->618.4/2mm fmt2 -» 150 / 2 mm};

m g-parameter on the SRM

infes:= qSRM = Conpi | eBeanPat h[{FreeSpace[LsrcG]}, qOArm] [LsrcG]

oufos)- 5. 39824 + 27. 1556 i

= Propagate the beam from SRM to the OMC waist.
We propagate the q parameter on the SRM (qSRM) through the SRM substrate, the OMMT to the OMC.

ino6)= Qut put BeanPat h = {ABCDMat ri x[{{1, 0}, {(1.45-1) /RsrnD, 1}}],
FreeSpace[dl], Lens[fmmt 1], FreeSpace[dmt ], Lens[fmmt 2], FreeSpace[d2]};

injo7:= Conpi | edQut put BP = Conpi | eBeanPat h [| nput BeanPat h, qSRM];

= See if the new mode matching can be achieved by just moving the distance between the OMMT mirrors (dmmt).

injos:= Pl ot [Abs [MbdeMat chi ngCoef f [qOOMC, Conpi | edQut put BP[d1 + dmt +d2] /. dmmt -» x /. OMMIPar an0D]],
{x, 350 nm 450 nm}, AxeslLabel - {"dmt", "Mdde matching rate"}, PlotRange » All,
GridLines » Automatic, GidLinesStyle -» Directive[Brown, Dashed]]

Mode matching rat

,,1_9,,,,,,L ,,,,,, - S
L | | | |
| | | |
L | | | |

B A
[ | | | |
| | | |
r | | | |

Ooutl98l= - - 06— — — — A b— - = G- - -
t | ) | |
| | |
L | | | |

B | A N T A
L | | | |
| | | |
| | | |

‘ 1 S S 1 —— dmmi

0.38 0.40 042 044

| | | |

Looks like we can get a good mode matching rate with a tweak of dmmt.

» Find the optimal mode matching
Now we find the optimal distance between OMMT1 and 2.
ine9:= Ansl = Fi ndMaxi mum[

Abs [ModeMat chi ngCoef f [gOOMC, Conpi | edQut put BP[d1 + dnmmt +d2] /. {dmt - x} /. OMMIParan0]],
{{x, 400 mm}}, AccuracyGoal - 5, PrecisionGoal -» 5]

oute9)= {0.999279, {x - 0.391095}}

By changing the dmmt from 384mm to 391mm, we can achieve more than 99.9% mode matching.
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This is a zoomed plot of the mode matching rate around dmmt=391mm

inf1001:= Pl ot [Abs [ModeMat chi ngCoef f [qOOMC, Conpi | edCut put BP[d1 + dmmt +d2] /. dmmt -» x /. OMMTPar anD]],
{x, 385 nm 395 mm}, AxesLabel - {"dmt", "Mdde matching rate"}, PlotRange » All,
GridLines - Automatic, GidLinesStyle -» Directive[Brown, Dashed]]

Mode matching rat

- -1.00}
- -0:95]
- -0.90}
Out[100]= r

- 085}

- -0:80]

dmmi

According to the above optimization, we should change the distance between the OMMT mirrors from 384mm to 391
To achieve more than 95% mode matching, the accuracy of the distance should be +/-2mm.

in[101):= OMMTParam= Joi n[{dmt - x} /. Ans1[[2]], OMMIParanD[[{1, 3, 4, 5}]111 // N

ouf101)= {dmt - 0. 391095, d1 - 5. 14, d2 - 0.809, fmt 1l - 0.3092, fmmt 2 - 0. 075}
Now just out of curiosity, check what is the optimal mode matching if we allow to change the focal length of OMMTL1 to

in[102):= Fi ndMaxi mum[Abs [MbodeMat chi ngCoef f [qOOVC,
Conpi | edQut put BP[d1 + dmmt +d2] /. {dmt - x, frm 1>y} /. OWIParan0]],
{{x, 400 mm}, {y, 600 nm}}, AccuracyCGoal - 4, PrecisionGoal - 4]

oui02= {1., {x - 0.403076, y - 0.321091}}
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= Propagation of the beam from SRM to the waist of OMC

inf103):= Pl ot BeanPr opagat i on[Qut put BeanPat h /. OVMIPar am
gSRM X /. wavelLength, d1 +dmt +d2 /. OVWIPar am]

Beam Siz¢
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= Do we need off-axis parabolic mirrors ?

Here we will estimate the astigmatism caused by an off—axis incidence to the mode matching mirrors when we use :
mirrors.

= [nput MMT

6 1s the incident angle to the MMTd, 2s the incident angle to the MMT?2.

in[104):= OF f AXi sParam = {6 1» 17.531 /2 %7 /180, 6 2 17.531 /2 % /180 };

When a beam is incident at an an@l® a spherical mirror, the focal length is changed by a factof doshe plane of inci—
dence, whereas in the perpendicular plane the factor is d/tos|

in[105):= MMTParamH = Join[{fmt1l > (frmt1Cos[e J /. MMIParam/. O f Axi sParam ),
frmt2 -> (fmMt2Cos[e 3 /. MMTParam /. O f Axi sParam )}, MMIParam[[{1, 3, 4}]11]

ouio5)= {fmt1 > -0. 166038, fmmt 2 —» 0. 311879, dmmt - 0. 149162, d1 —» 1. 31, d2 - 1. 366}

in[106):= MMTParanV = Join[{fmtl > (frmtl1 /Cos[e ] /. MMIParam/. O f Axi sParam ),
frmt2 -> (frmt2 /Cos[e 3 /. MMIParam /. O f Axi sParam )}, MMIParam[[{1, 3, 4}111]

ouio6)= {fmt 1 - -0. 169985, fmmt 2 —» 0. 319294, dmt - 0. 149162, d1 - 1. 31, d2 - 1. 366}

Plot the mode matching rate of horizontal and vertical directions respectively.
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no7= Pl ot [{Abs [ModeMat chi ngCoef f [qPRM Conpi | edl nput BP[d1 + dnmt +d2] /. dmt - x /. MMIParanH]],

Abs [ModeMat chi ngCoef f [qPRM Conpi | edl nput BP[d1 + dmmt +d2] /. dmmt - x /. MMTPar am/]]},
{x, 135 nm 160 nm}, AxesLabel - {"dmt", "Mde matching rate"},
GidLines » Automatic, GidLinesStyle -» Directive[Brown, Dashed]]

Mode matching rat
1.0

0.9
0.8
Out[107]= 0.7
0.6

0.5

Total mode matching rate of the astigmatic beam into the arm cavity

nos= Plot [
Abs [Ast i gmat i cMbdeMat chi ngCoef f [gPRM Conpi | edl nput BP[d1 + dmt + d2] /. dmmt - x /. MMTPar anH,
Conpi | edl nput BP[d1 + dmmt +d2] /. dmmt -» x /. MMTPar anV] ]
, {X, 135 mm 160 mm}, AxesLabel - {"dmt", "Mode nmtching rate"},

GridLines » Automatic, GidLinesStyle - Directive[Brown, Dashed]]
Mode matching rat
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0.7
out[108]= 0.6/
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Find the optimal dmmt

inf1091:= Fi ndMaxi mum[
Abs [Ast i gmat i cMbdeMat chi ngCoef f [gPRM Conpi | edl nput BP[d1 + dmmt +d2] /. dmmt - x /. MMTPar anH,
Conpi | edl nput BP[d1 + dmt +d2] /. dmmt -» x /. MMITParanV]], {{x, 145mm}}]

outj109]= {0. 936005, {x - 0.149084}}
Scan also the focal length of MMT2 to see if we can find a better mode matching rate.

in110):= Fi ndMaxi mum[Abs [Ast i gmat i cMbdeMat chi ngCoef f [qPRM
Conpi | edl nput BP[d1 + dmt +d2] /. {dmt - x, fmmt2 -y Cos[e 3} /. MMTParanH /. O f Axi sParam ,
Conpi | edl nput BP[d1 + dmmt +d2] /. {dmt - x, fmm2 >y /Cos[e 2} /. MMIParanV /.
O f Axi sParam 1], {{x, 160.08 nm}, {y, 200 mm}}, AccuracyGoal - 4, PrecisionCGoal - 4]

oufiio)= {0.940995, (x - 0.126381, y  0.292982}}

This is not much better than the case only dmmt was changed. In addition, dmmt gets shorter than the current setup |
This is not what we want because the AS port beam goes through between the two MMT mirrors.
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Combination of an OAP and a spherical mirror

If we keep the MMT1 as it is, this mirror is actually an off-axis parabolic (OAP) mirror. So, the astigmatism from this n
very small.

To see what happens to the mode matching rate in this case, va=s@t OffAxisParaml so that the astigmatism of the fii
mirror is zero.

1= OFf Axi sParaml = {6 15 0/2 %7 /180, 6 2+ 17.531 /2 % 7/ 180 };

in112):= MMTParamH = Join[{fmt1l > (frmt1Cos[e J /. MMIParam/. O f Axi sParam ),
frm2 -> (f)Mmt2Cos[e 3 /. MIParam /. O f Axi sParam )}, MMIParam[[{1, 3, 4}11]

ou12= {fmt1l - -0.168, fmt 2 - 0. 311879, dmmt - 0. 149162, d1 - 1.31, d2 -» 1. 366}

in[113:= MMTParanV = Join[{fmt1l > (frmt1 s/ Cos[e 3 /. MMIParam /. O f Axi sParaml ),
frmt2 -> (frmmt2 /Cos[6e 3 /. MMTParam /. O f Axi sParam )}, MMITParam[[{1, 3, 4}111]

oufr13)= {frmmt1 - -0.168, fmmt2 - 0.319294, dmt - 0.149162, d1 -» 1. 31, d2 > 1. 366}

Plot of mode matching rate for horizontal and vertical directions respectively.

ini14= Pl ot [{Tool ti p [Abs [MbodeMat chi ngCoef f [qPRM
Conpi | edl nput BP[d1 + dmmt +d2] /. dmt - x /. MMIParanH]], "Horizontal "1,
Tool ti p[Abs [MbdeMat chi ngCoef f [qPRM

Conpi | edl nput BP[d1 + dmmt +d2] /. dmt - x /. MMIParanV]], "Vertical "1},

{x, 135 nm 160 nm}, AxesLabel - {"dmt", "Mdde matching rate"},
GridLi nes » Automati c,

GidLinesStyle -» Directive[Brown, Dashed]]

Mode matching rat
1.0

0.9f
0.8}
Out[114]= 0_7:
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Total mode matching rate
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ns= Plot [
Abs [Ast i gmat i cMbdeMat chi ngCoef f [gPRM Conpi | edl nput BP[d1 + dmmt + d2] /. dmmt - x /. MMTPar anH,
Conpi | edl nput BP[d1 + dmmt +d2] /. dnmmt -» x /. MMTPar anV] ]
, {X, 135mm 160 mm}, AxeslLabel - {"dmt", "Mdde nmatching rate"},

GridLines » Automatic, GidLinesStyle » Directive[Brown, Dashed]]

Mode matching rat
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Scan dmmt and fmmt2 to find the best mode matching.

in116):= Fi ndMaxi mum[Abs [Ast i gmat i cMbdeMat chi ngCoef f [qPRM
Conpi | edl nput BP[d1 + dmmt +d2] /. {dmt - X, fmmt2 -y Cos[e 3} /. MMTParanH /. O f Axi sParam ,
Conpi | edl nput BP[d1 + dmt +d2] /. {dmt - Xx, fmmt2 >y /Cos[e 2} /. MMIParanV /.
O f Axi sParam 1], {{x, 160.08 nm}, {y, 200 mm}}, AccuracyGoal - 4, PrecisionCoal - 4]

ouff116)= {0.767191, {x - 0.148859, y - 0.315367}}

Surprisingly, the maximam mode matching is only 77% in this case. The reason behind this is the following. When bc
MMT mirrors have astigmatism, the effects somewhat cancel out each other and provide a better mode matching tha
only one mirror has astigmatism.

Therefore, we should not combine an OAP and a spherical mirror.

The following interactive plot shows how the horizontal and vertical beam profiles change as we change the incidert
andf As well as dmmt.
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in1171:= Mani pul at e [
Pl ot [{Q oBeanSi ze [Conpi | edl nput BP[z], A] /. wavelLength /. {dmt - d, frmt1l - Cos[e I fmmt 1,
frt2 > Cos[e 3 fit 2} /. MMIParam Q oBeanti ze [Conpi | edl nput BP[z], A] /. wavelLength /.
{dmt -d, frmtl->fmtl/Cos[el, frMmt2fmt2/Cos[e 3 } /. MMIPar am},
{z, 2, 25}, PlotRange - All], {{e 1 0}, O, 0.15}, {{e 2 0}, 0, 0.15},
{{d, 149 mm "dmt"}, 140 nm 155 mm}]
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= Longer input MMT

Since the input MMT suffers from large astigmatism, it is a good idea to elongate it to make the incident angles smalle
If we increase the MMT length by 122mm, the incident angle becomes 4.7deg. We will find a suitable focal lengths for

in30)= OF f Axi sParam = {6 1» 4.7 *x /180, 6 2- 4.7 %7/ 180 };

in[139= MMIParamH = {fmmt 1l > (frmt1Cos[e 1 /. MMITParam/. O f Axi sParaml ),
frmt2 -> (fmMt2Cos[e 3 /. MMTParam /. O f Axi sParam ), d1 - 1.435, d2 » 1. 366, dmt - 262 nm};

in[1401:= MMTParanV = {fmm 1 > (frmt1/ Cos[e J /. MMIParam/. O f Axi sParam ), frmt2 ->
(fmt2 /Cos[e 3 /. MMTParam/. O f Axi sParam ), d1 » 1.435, d2 » 1. 366, dnmmt - 262 mm};

Find the optimal mode matching by changing the focal lengths of MMT1 and MMT2
in[142]:= Ans3 = Fi ndMaxi num[Abs [Ast i gmat i cMbdeMat chi ngCoef f [gPRM
Conpi | edl nput BP[d1 + dmmt +d2] /. {fmmtl1 > xCos[e 1, frmt2 s>y Cos[e 2} /. MMIParanH /.
O f Axi sParam , Conpi | edl nput BP[d1 + dnmt + d2] /.

{fmmtl-x/Cos[e ], frm2->y/Cos[e 3} /. MMTParanV /. O f Axi sParam 117,
{{x, -160 mm}, {y, 300 mm}}, AccuracyGoal - 4, PrecisionCGoal - 4]

ou142]= {0.998197, {x - -0.301278, y -» 0.558003}}

The best parameters for the longer MMT.
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in[149:= MMTParanmbL = Join[{fmt1l->x, frmt2 >y} /. Ans3[[2]], MMIParanH[[{3, 4, 5}11]1 // N

ouf149= {fmt 1 - -0.301278, fmmt 2 - 0. 558003, d1 - 1.435, d2 - 1.366, dmmt - 0. 262}

MMIParamHL = Join[{fmt 1l - xCos[e 1, frmt2 sy Cos[e 2} /. Ans3[[2]] /. OFf Axi sParam ,
MMIParanmL[[{3, 4, 5}111;

in[14g]:= MMTParanVL = Join[{fmt1l -»x /Cos[e ], frm2->y /Cos[e 3} /. Ans3[[2]] /. O f AXi sParam ,
MMIParamL[[{3, 4, 5}]111;

Total mode matching rate as a function of dmmt

ins2)= Plot [Abs |

Ast i gmat i cMbdeMat chi ngCoef f [qPRM Conpi | edl nput BP[d1 + dmmt +d2] /. dmmt -» x /. MMITPar anHL,
Conpi | edl nput BP[d1 + dmmt +d2] /. dmmt - x /. MMTIPar anVL]]

, {X, 255 mMmm 269 mm}, AxeslLabel - {"dmt", "Mode matching rate"},
GidLines » Automatic, GidLinesStyle - Directive[Brown, Dashed]]

Mode matching rat
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= Output MMT

6 1s the incident angle to the MMTA, 2s the incident angle to the MMT?2.

inj119]= OF f Axi sParamO = {6 1-5.935/2 %7 /180, © 2-5.935/2 %7/ 180 };

When a beam is incident at an angl® a spherical mirror, the focal length is changed by a factof doghe plane of inci-
dence, whereas in the perpendicular plane the factor is a/tos[

in[120= OMMTParamH = Join[{fmt1l > (frMmt1Cos[e J /. OMIParam/. O f Axi sParanD),
frmt2 -> (fmMmt 2 Cos[e 3 /. OWIParam/. O f Axi sParan©D)}, OMIParam[[{1, 2, 3}11]

ouiz0)= {frmmt1 - 0.308785, fimt 2 - 0. 0748994, dmt - 0.391095, d1 - 5. 14, d2 - 0. 809}

in[121]:= OMMTParanV = Join[{fmt1l - (frmt1 s/ Cos[e J /. OWIParam /. O f Axi sParanD),
frmt2 -> (frmMt2 /Cos[e 3 /. OWIParam /. O f Axi sParan©D)}, OWMWIParam[[{1, 2, 3}11]

ouiz1)= {fmt 1 - 0. 309615, fmmt 2 - 0. 0751007, dmt - 0. 391095, d1 -» 5. 14, d2 - 0. 809}

Plot the mode matching rate of horizontal and vertical directions respectively.
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2= Plot [
{Abs[l\/bdel\/atchi ngCoef f [qOOMC, Conpi | edQut put BP[d1 + dmmt +d2] /. dmt - x /. OVMIPar anH] ],
Abs [ModeMat chi ngCoef f [qOOMC,
Conpi | edQut put BP[d1 + dmmt +d2] /. dnmt - x /. OWMTParanv]]},
{x, 385 mm 398 nm}, AxesLabel - {"dmt", "Mde matching rate"},
GidLines » Automatic, GidLinesStyle -» Directive[Brown, Dashed]]

Mode matching rat
- 1.00}

~0.95}

-0.90F
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Total mode matching rate of the astigmatic beam into the OMC cavity

in[123):= Pl ot [AbS[
Ast i gmat i cMbdeMat chi ngCoef f [qOOMC, Conpi | edQut put BP[d1 + dmt +d2] /. dmmt - x /. OMMIPar anH,
Conpi | edQut put BP[d1 + dnmt +d2] /. dmt - x /. OVMIPar anV] ]
, {X, 385 mm 398 mm}, AxeslLabel - {"dmt", "Mdde matching rate"},

GidLines » Automatic, GidLinesStyle - Directive[Brown, Dashed]]

Mode matching rat
- 101

- 0.9}

- 0.8
out[123]=

Find the optimal dmmt
inf1241:= Fi ndMaxi mum[Abs [

Ast i gmat i cMbdeMat chi ngCoef f [gOOMC, Conpi | edCut put BP[d1 + dmmt +d2] /. dmt - x /. OVMMIPar anH,
Conpi | edQut put BP[d1 + dnmt +d2] /. dmt - x /. OMMIParamV]], {{x, 390 nm}}]

ouffi24= {0.991665, {x - 0.391092}}
We can achieve more than 99% mode matching.

Scan also the focal length of OMMT1 to see if we can find a better mode matching rate.
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inf125):= Fi ndMaxi mum[Abs [Ast i gmat i cMbdeMat chi ngCoef f [qOOMC,
Conpi | edQut put BP[d1 + dnmt +d2] /. {dmmt - x, frmt 1l >y Cos[e 3} /. OWIParanH /.
O f Axi sParamO, Conpi | edQut put BP[d1 + dmmt +d2] /. {dmmt - x, frmt1 >y /Cos[e 3} /.
OWITPar anV /. O f Axi sPar anQ] ],
{{x, 390 mm}, {y, 300 nm}}, AccuracyCGoal - 5, PrecisionGoal - 5]

ourizs- {0.993199, (x - 0.403533, y - 0. 321547} )

This is not much better than the case only dmmt was changed.



