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Abstract: The DECi-hertz Interferometer Gravitational wave Observatory (DECIGO) is designed to
detect gravitational waves at frequencies between 0.1 and 10 Hz. In this frequency band, one of the
most important science targets is the detection of primordial gravitational waves. DECIGO plans to
use a space interferometer with optical cavities to increase its sensitivity. For evaluating its sensitivity,
diffraction of the laser light has to be adequately considered. There are two kinds of diffraction loss:
leakage loss outside the mirror and higher-order mode loss. These effects are treated differently
inside and outside of the Fabry-Perot (FP) cavity. We estimated them under the conditions that the FP
cavity has a relatively high finesse and the higher-order modes do not resonate. As a result, we found
that the effects can be represented as a reduction of the effective finesse of the cavity with regard
to quantum noise. This result is useful for optimization of the design of DECIGO. This method is
also applicable to any FP cavities with a relatively small beam cut and the finesse sufficiently higher
than 1.

Keywords: diffraction loss; fabry-perot cavity; quantum noise

1. Introduction

The DECi-hertz Interferometer Gravitational wave Observatory (DECIGO) is designed
to detect gravitational waves at frequencies between 0.1 and 10 Hz. In this frequency band,
one of the most important science targets is primordial gravitational waves [1]. Observation
of primordial gravitational waves is expected to provide crucial evidence for cosmic
inflation theory. While observation of the primordial gravitational waves by ground-based
detectors is challenging due to the ground vibration noise, pendulum thermal noise, etc.,
existing at low frequencies, and limited interferometer arm lengths, space interferometers
enable observations by removing these obstacles. DECIGO also plans to use optical cavities
between spacecraft to increase its sensitivity further.

The target sensitivity of DECIGO was established more than ten years ago to detect
primordial gravitational waves. However, the recent observation of the cosmic microwave
background (CMB) by the Planck satellite and other electromagnetic observations reduced
the upper limit for primordial gravitational waves significantly [2,3]. This reduction
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of the upper limit requires further improvement of the target sensitivity of DECIGO [4].
Therefore, we have been trying to improve the sensitivity by optimizing various parameters
of DECIGO, such as the arm length, the laser power and the diameter, reflectivity, and mass
of the mirrors.

For this optimization, we have to treat the diffraction loss of light in a Fabry-Perot
(FP) cavity properly; we should treat the diffraction loss differently from other optical loss-
related quantities such as absorption and transmission. For example, the part of the light
that passes outside a mirror due to diffraction obviously does not cause radiation pressure
noise. In contrast, light that is absorbed by the mirror causes radiation pressure noise.
As for the light coming back to the input mirror from the end mirror of a FP cavity, the part
of the light that misses the input mirror due to diffraction does not reach a photodetector
positioned to sample light returning from the cavity. In contrast, return light that transmits
through the input mirror is detected by the photodetector, and thus contributes to the shot
noise at the photodetector. In previous investigations, the impact of the diffraction was
not considered. However, it is important to consider the diffraction loss to more correctly
design the sensitivity of an interferometer. For these reasons, it is essential to correctly
calculate the quantum noise of an interferometer with the diffraction loss. The higher-order
mode in a FP cavity is treated as loss in this paper on the condition that the beam cut by
the diffraction in a FP cavity is small enough so that the finesse is sufficiently higher than 1.
The diffraction of the laser beam in the FP cavity is investigated in other paper such as [5].
In this paper, the treatment of the diffraction loss in the FP cavity in [5] is further developed
for the calculation of quantum noise. In this paper, we will provide the proper treatment of
diffraction loss in terms of quantum noise. It should be noted that this method is applicable
to any FP cavities with a relatively small beam cut and the finesse sufficiently higher than 1.
It should also be noted that noise sources other than quantum noise are not discussed here.
In this paper, we discuss diffraction loss in a FP cavity at Section 2, calculation of quantum
noise including the effect of diffraction loss at Section 3, result of quantum noise by using
the DECIGO parameters in Section 4, and summary of this paper in Section 5.

2. Treatment of Diffraction Loss in a FP Cavity

Diffraction influences the amplitude of laser light when the mirrors of FP cavity
reflect or transmit it. Because in principle the laser beam extends to infinity in a plane
perpendicular to the laser axis, the laser beam suffers a loss when transmitting through or
reflecting from a mirror. Figure 1 illustrates a laser with the wavelength of A entering a FP
cavity via the input mirror; it is a distance / away from the beam waist of the cavity and
has radius R and the mirror has the amplitude transmissivity t. Assuming that the laser is
a Gaussian beam with the Rayleigh length zg, the normalized absolute amplitude of the
laser through the input mirror is given by

2ZR TTZR (x2 + yz) 2 2 2
by | ———— _— <R 1
A(leﬁ)eXpl Az | TV ER) @
Y(x,y,—1) = > ( 2 4 2)
ZR TZR\X™ T Y 2 2 2
_— _—— > R7). 2
A(12+z§)eXp[ etz | &ty >R @)
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Figure 1. Illustration of the propagation of light with the wavelength of A around the input mirror of
a FP cavity. The input mirror with radius of R is labeled M1. The z axis is the laser beam axis, and the
xy plane is perpendicular to the laser beam axis. The beam waist in the cavity is at z = 0.

When the resonant mode of the cavity is a TEMyy mode, we can treat only this
fundamental mode under the condition that the FP cavity has relatively high finesse and
the higher-order modes do not resonate in the FP cavity. The higher-order modes can be
ignored in the FP cavity with high finesse because there is much more fundamental mode
than the higher-order modes due to the substantial amplification of the TEMy mode by the
high finesse. Assuming that the contribution of the laser through the outside of the mirror
is negligible, the normalized absolute amplitude of the fundamental mode is given by [6]

®)

)
Yoo(x,1,2) = 27r . [ nzg (22 + y?)

AMz%+23) A(z2 +22)

With Equations (1) and (3), the amplitude of the fundamental mode after transmitting
through the input mirror is given by

27zR )
Yool¥) =t(1— —————>-R°| |. 4
< 00| > ( exp|: /\(12+ZR2) :|> 4)
Therefore, the laser power after transmitting through the input mirror, P, is given by
p=p, 2(1—exp|—— 2R g2 ’ )
— PIT A+ ) '

The effective transmissivity f.¢, which is the transmissivity influenced by the diffrac-

tion, is given by
27z
=t e i) ©

We define a diffraction loss factor, D;, for each mirror (i = 1,2) shown in Figure 2,
given by

27TZR R2

A7+ ad) ”

Di= |1—exp|—
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Figure 2. Configuration of the light around the FP cavity. The cavity has two mirrors. M1 is the input
mirror with reflectivity of rq, transmissivity of {1, and radius R;. M2 is the end mirror with reflectivity
of rp, transmissivity of 5, and radius Rjy. wy is the beam size at the beam waist. The distance from
the mirrors to the beam waist are 1 and I,.

In the FP cavity, there are two kinds of effects of diffraction loss: leakage loss outside
the mirror as expressed by Equation (1) and higher-order mode loss as expressed by
Equation (3). The leakage loss has to be taken into account when the laser light is reflected
or transmitted. Only inside the cavity, higher-order mode loss must be considered with
leakage loss when the laser light is reflected by a mirror or transmits through a mirror.
While we should treat only D; as the leakage loss when we calculate the electric field
outside the FP cavity, we have to treat D;? as the leakage loss coupled with the higher-order
mode loss due to the cavity mode. The effective reflectivity ¢ ; and transmissivity fef;
shown schematically in Figure 2, are defined by

2
Teffi = Ti 1-—- exp —ﬁR% = TiDiz and (8)
A (liz + ZRZ)
27TZR 2 5
teffi = ti 1—exp RS = t;D;”. 9)
A (ll + ZRZ)

We calculate each electric field at each point of the cavity, as shown in Figure 3,
in preparation for the calculation of the quantum noise. With the round-trip phase change
of the laser field defined as ¢, E; is given by

E1 = teg1Ein + tegr 1 Ein - (reff,lreff,z : e"”) +-

feff,1
= ’ —F.. 10
1— Tt 1efin - € {10

Ej, Ei, and E; are given by

teff1Teff2 - €9

Ey = Ey - reggpe? = i Ein (11)
1—7regr1resrn - €
(t12D13)7’eff,2 - elf
Ei = E2 : (f]Dl) = i Ein and (12)
1 —TeffTesrp - ©
Er = Ein(—rlDl). (13)

E; is multiplied by the negative reflectivity because of reflection from the High Re-
flection (HR) surface in this case coming from the higher index side instead of the con-
dition where the reflection is coming from the air or vacuum side of the HR coating. In
Equations (12) and (13), we should treat only the leakage loss as the diffraction loss because
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the electric field detected at the photodetector includes the higher-order mode. For this
reason, this electric field is multiplied by the coefficient D; once. With Equations (12) and
(13), the electric field of interference light Epp is given by

Epp = E; + E;

(f12D12) Feffo - €19

=Dy|—-r+ -
1 — reff17efso - €9

Ein. (14)

Then the power Ppp of the interference light is given by

e i el
Ppp = D;? [rlz - (t12D12>71r ff,2< —+ < )
¢ 1 —reffilesfn € 1 —refp1Tesro €'
2
{(t12D12)feff,z}
Py. (15)

(1 — Yeff,17eff,2 ei¢) (1 — Teff 1V ef2 e*iﬁb)

With the coefficient to simplify the formula, F, defined as

_ AefiiTefiy 16)

F=
(1 — reseaefrn)?’

Equation (15) can be written as

2
[71 - (f12 + 712) Dy?- Veff,z} + 47t 17efi 2 (f12 + r12) sin? (%) )
Ppp = “D1"°Pp . (17)

(1= Fearetrn)’ [1 + Fsin® (%)}

Here we derive the finesse of the FP cavity, including the effect of diffraction loss. We
define the effective finesse as Fog. The finesse is vpsr/ Av ; VpsR is free spectral range and
Av is the cavity bandwidth. First, we derive these terms, including diffraction loss. Using
Equation (10), the laser power P; inside the FP cavity can be written as

toii, 1
P = eff, P s
(1 — Feft17etin)” [1 + Fsin? (%)}

The length of FP cavity is L = I; + I,. When the frequency of the laser is defined as v,
the round-trip phase change ¢ is given by

4L
-

. (19)

¢(v) =

The half of the maximum laser power is equal to a laser power derived from substitut-
ing Equation (19) and v = Av/2 for Equation (18), which is represented as

1 bogt 12 Fefi1”
eff,1 _ eff,1
2 7P = 2 YT
(1= Teff17efi2) (1 — Teft17efr2) [1 + Fsin (_%TV”
L 1
inl —Z=A = . 20
Sln( c V)‘ \/? ( )

Assuming that Av < vpsg, and using Equation (20), the cavity bandwidth, Av is
given by

c 1 ¢ 1 —ref1vesfo
AV N — e — = — e — (21)
L F 2L TU\[TefiTeti2
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And vggp is written as Equation (22) by substituting Equation (19) for ¢(v) = ¢/2 and
V = VESR: c
VESR — ﬁ . (22)

As a result, Fg is written as Equation (23) with Equations (21) and (22):

v TC\/Teff 17 eff,2
]_—e_FSR_ v/ Teff,17eff, (23)

ff = = .
Av 1 —TeggaTess2

This result shows that the effective finesse F is equal to the finesse F except for the
difference between the reflectivity and the effective reflectivity.

~

™t T2, L2
Ein —
E, ’ Wo
g jL e
M M2
(A) i, (B) ul: (C) (D) (E) (F) D2

Figure 3. Illustration of each electric fields at each point around the FP cavity when the electric field
Ein enters the input mirror (M1) together with the transverse shape of the laser field at each point.
Eq is the electric field which is the sum of Ej, through M1 and goes back and forth # times in the
FP cavity. E; is Ej, which is reflected by M2 and goes back and forth once. E; is the fraction of E;
transmitted by M1. E; is the fraction of Ej, reflected by M1. Locations outside the cavity, (A,B,F), are
affected by the leakage loss. Locations inside the cavity, (C,D,E), are affected by both leakage loss
and higher-order mode loss.

3. Quantum Noise Including Diffraction Loss

We derive the frequency response to gravitational waves in FP interferometers as
another preparation for the calculation of the quantum noise. The time At,, is defined as the
round trip time between the input and end mirrors, multiplied by n. When gravitational
waves, h(t), arrive at FP interferometers, the time, which takes for the laser light round

trip, is given by t . .
1—2h(t) )t ~ =2, 24
/thtn ( 2 ( )) c =

With Equation (24), At is given by [7,8]

2Ln 1 gt
At :—+f/ h(tdt
" c 2 Ji—At, (t)
2In 1 ft
~ T 42 () dt
c +2./t_@ (*)

_ 2Ln +/oo 1 —exp[—izLT“’n

c oo 12w

} h(w)dw . (25)

The electric field of the interferometer light is given by a series like Equation (10),
with ng = —QAt,,
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ip i k
Epp = —11D1Ein +t1D1 - teff1 - Teff2€" - Ein Z (Veff,lfeff,z ‘€ )
k=0

=Dy |-+ (t12D12)reff,2 ) (reff,lreff,z)n_lemm”] Ein. (26)
n=1

Using Equation (25), this can be rewritten as

I _2LO _ 2L n—1
Epp = D1 |—11 + (t12D12>7eff,2'e e Z(reff,lreff,Z'e e )
L n=1
© () 2L
x{l - /_ Zw(l —exp {ifn])h(w) ”"tdeEm
- 2L
(tlle )reffz e’ ’ i2L0 ;
=Dy |-+ 200 +(t1 D1 Teffp € / fAh e“'dw | Epp. (27)
i 1—regaren € e 2w

Here A, the coefficient to simplify the formula, is given by

n—1
_;jao\ -1 _j2lw _j2L(O4w)
A= Z{(Teffflreffa'e ‘ € | Teff1Teff2 " © ¢
n=1

2Lw
1—e %"
- _j2L0 —ALOF) N (28)
(1 — Teoff1Teff2 "€ ' ¢ ) : (1 — Teff,1Teff2 * € ¢ )

Here ac, the coefficient to simplify the formula, is given by

(f12D12)7eff,2

xc = . (29)
1 —Tetarett
Also, we assume this condition given by
LO
— =mn (m = integers). (30)
Using Equations (29) and (30), Epp can be written as
Lw 71L—“’
' © () Ssin e ,
Epp = Dy(—r1 +ac) [1+i- = / w ( ) o h(w)e dw | Eiy
T AC Jmeo W —rgpregn e e
LO(t
~ Di(—r1 + ac)exp {14)(2)} Ein. (31)

Next we derive hgoi(f), which is the strain sensitivity of the shot noise in FP interfer-
ometer. First, we calculate ligo(f) for one arm of a Fabry-Perot Michelson Interferometer
(FPMI). Then we calculate the quadrature sum of g (f) in both arms of the interferometer.
The shot noise can be regarded as the statistical fluctuations of the photon number at the
photodetector. The minimum phase change ¢4, when the laser light is detected at the
photodetector [7] is given by

hQ
5‘Pshot = 217713/ (32)

quantum efficiency of the photodetector is 7, and the laser power at the photodetector is
Ppp. The angular frequency of the laser, (), is given by

c
=27T—.
QO TTA (33)
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Now we calculate hgpot(f), which is equivalent to ¢gp,o;. Assuming that the phase
of the light in the interferometer shifts by ¢(t) when the gravitational wave reaches the
interferometer, the electric field Epp is given by Equation (31). The phase shift ¢(¢) is then
given by

1 o ;
o) = —— / Hip(w)h(w)e® dew, (34)

—rn+ac
where Hgp(w), the transfer function between the strain and the phase, is given by [7]
20cQ) sm(L‘”)e*’L*w

H; . 35
() = w 1_reff,1reff,297i2LTw )

With the coefficient, F, given by Equation (16), the absolute value of Hgp(w) is given by

200 ‘Sm(m) ’
W (1 = Tefg17eff2) . '
LA et 1+Fs1n2(L—“’>
Cc

|Hpp(w)| = (36)

Then Equation (36) is rewritten as Equation (37) on the assumption of Lw/c < 1.

4L xc 1

; 5 ' ) 37
|Hep(f)| A 1 —Tef1Tefin 1 A% 7
+(#)
with fp defined by
c
fp = 4feffL' (38)

The gravitational wave strain higpot (), which is equivalent to the phase change ¢gpot(f)
at a certain frequency f, is given by [7]

|1 tac
() = | o 6 )
Using Equation (14), Ppp is given by
Pep = Dy?|=r1 + ac|*Pin. (40)

Using Equations (37)—(40), hghot(f) can be written as

2
hQ - <f>
2yD12(—r1 + ac )Py fr

A/ 1/1 41
’7Dl in fP ( )

Then, because the shot noise from each arm is uncorrelated, the total shot noise,
hl; o (f), can be written as the quadrature sum of the shot noise from each arm, which is

given by
) = VA (1= Tegg1resin)” 47Thc\/7 (42)
sho 47tL (t1D1)tefs 17 efr2 fP

Here Pij, is converted to Py, which is the total laser power of FPMI. The pre-conceptual
design of DECIGO is shown as a reference in Figure 4. DECIGO uses a differential FP
interferometer, whose quantum noise is in principle the same as that of the FPML

A (1 —rerarerrn) (=11 +ac
hshot(f):4n,L‘( eff1”e 2)( )

VA1 = Tef17esio
47'L'L ac
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Fabry-Perot
arm cavity

Fabry-Perot
arm cavity

=

1 A71 0
Laser Mirror
Photo- T8

detector

Drag-free spacecraft

Figure 4. Differential FP interferometer used in the pre-conceptual design of DECIGO. The laser
beam is divided into two beams by the beam splitter. Each arm has each photodetector and FP cavity.

The radiation pressure noise of a FP cavity is derived from fluctuations of the mirror
positions due to fluctuations of the laser power. The fluctuations of the laser power can be
attributed to statistical fluctuations of the number of photons. The mirror is subject to the
force from the laser radiation pressure. When the laser power is P, its force is represented as
2P/c. The position x of the mirror follows the equation of motion, which is represented as

d?x 2P
el 4
drz ¢ )
The relationship between the fluctuation of the mirror position dx(w) and the laser
power, which is derived from the Fourier expansion of Equation (43), is given by

2

ox(w) = Vore

OP(w) (w 20). (44)
The energy per photon is 7}, so the laser power P can be written in terms of the

number of photons, N, as

p = NnQ = N2

(—o0 < w < 00). (45)
The fluctuation of N is proportional to the square root of N, that is
2P 2P PA PA
= — _— _ >
N=sa*Via = me Ve @20 (46)
Then the power fluctuation §P(w) is given by

PA  2mhc 4rthcP
5P(w):\/%- ) =1/ T 47)

Using Equations (44) and (47), the fluctuation of the mirror position 6P(w) is given by

2 47thcP 4 thP
ox(w) = Mw2cV A Mw?2V cr (48)

In terms of the FP cavity, whose arm length is L, the response from the gravitational
wave with the amplitude of §x/L is equal to the one from dx. Jx is the fluctuation of the
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mirror position in the FP cavity [7]. For this reason, h,q(f), which corresponds to the
phase change by Jx, is represented as

ox 4 thP
hrad(f) - T = LM(ZTL’f)2 A (49)

P in Equation (49) has contributions from two sources: the light reflected at the input
mirror and the laser light circulating inside the FP cavity. As a result, the total radiation
pressure noise of an arm cavity in FPMI is derived from two sources. The laser power
reflected at the input mirror is negligible because this power is much less than the laser
power inside the FP cavity under the condition that the FP cavity has relatively high finesse.
The laser power reflected at the end mirror is defined as Pg, and that at the input mirror is
defined as Pr. Using Equation (10), electric fields, Eg and Ey, are given by

NS

EE = TzDzei . E1

9
tefi1(r2D2)e’2
1 — reff17efio - €9

Ein and (50)

Ef = regip(r1D1)e? - Eq

 tepatero(r1Dq)e’?

—FE. . 51
1 —Teggitein €9 G

In Equations (50) and (51), we treat only the leakage loss as the diffraction loss because
the radiation pressure noise is caused by the laser power, which is just after the reflection.
For this reason, Eg is E; multiplied by the reflectivity r; of the end mirror and the coefficient
D; of the leakage loss. Also, Er is E; multiplied by the effective reflectivity 7., of the
end mirror, the reflectivity r; of the input mirror, and the coefficient D; of the leakage loss.
Using Equations (50) and (51), Pg and Pr can be written as

tore12(70Dn)?
Pg = eft1(2D2) 57477 [in and (52)
(1 — refrarefin)? {1 + Fsin (7)}
Pp = teti1 Test>(r1D1)? p )
- mn-
(1 = Tefi1Tefi2)? [1 + Fsin? (%)}
Here we define kg and kp, which is given by
1+ Fsin? (%)

1 + Fsin2<§) ‘
With Equations (54) and (55), Equations (52) and (53) can be written as
Py

= kEl + Fsinz(%)

and (56)

Py

R (7).

(57)
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Substituting Pr and Pr into Equation (47), the fluctuation of each conponent of laser
power is given by

b,
1+ Fsin (7)
PA
0P = kg mn (59)

1+ Fsin2<%) '

The term in the square root represents the noise caused by a single reflection. This
term is multiplied by the terms related to the finesse, kg and kg, to represent the fluctuation
of the laser power inside the FP cavity. Thus, the radiation pressure noise h,,4(f) of one
arm FP cavity is given by

2 2
hrad(f) = LMC(an)z‘SPE T IMcnrf)?

4 7th Pin
~ LM(2nf)? \/>(kE+kF> 14 Fsin?(4)

OPr

4 tet12 - (r2D2)? - (1+ ( VlDlDz

. ’/ Pin (60)
M(27tf)? (1= regiareti2)’ 1+ Fsin? %

When ¢ = 2L}/ c is substituted into Equation (58), assuming that Lw/c < 1, it can
be rewritten as

8 _ tet1% - (r2D2)? - (1+ 71D1Dz

heaa (f) LM (27t f)? (1- refflreffZ \/7\/? o

Finally, the total radiation pressure noise in a FPMI, 1/_,(f), with no correlation
between the noises in the two arms is given by

4 . tett1? - (r2D2)? - (1+ (r1D1Dy)?) [ mhth 1
M(27f)? (1~ Tegi1Tetin)” cA - (L>2
f

{"ad(f> = \/EL

4 test1% - (r2D2)? - (1+ 71D1D2

(7'[71130
M(27f)? (1= regt1etr2)’ /1 +

Assuming that the diffraction is negligible, and the reflectivity r, is equal to 1,
Equations (42) and (62) can be written as the calculation results, h} . (f) and k. ,(f),
which are written by

(62)

” VA (1=r)? [4nhe \?
" 4 1 + 1’1 ﬂhpo
rad(f) = LM(ZR’ 5" \/ (64)
f) 1 —11)? /1

Assuming thatry ~ 1,

t121’2 N 2F
(1-rn)? "~ n’ (6
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and Equations (63) and (64) are rewritten as

,, 1 mtheA f 2

16.F

W

These calculation results are consistent with [9].

rma(f) = (67)

4. Quantum Noise in DECIGO

We now use the default parameters of DECIGO to calculate the quantum noise of
DECIGO. First, we calculate the power spectral density (PSD) of the quantum noise using
Equations (42) and (62). The PSD is given by

Sh(f) hshot(f) + hrad (f) . (68)

We define two noise PSDs, Sy, and 5y, ¢, for comparison between the quantum noise
without and with the diffraction. In Figure 5, we plot the noise spectra in the FPMI for /Sy,
and /Sy, oft. The parameters used by calculation are shown in Table 1.

10-19
VSy (w/o diffraction)
10720 & = T
\ V/ Shet (w/ diffraction)

T 1072tk
N
=
<
'T‘;“ 10-22 L
&

1023k

10_24 I I I L

1073 1072 107! 10° 10! 102

frequency [Hz

Figure 5. Sensitivity curves in terms of the square root of the PSD without the diffraction loss (black)
and the one including the effect of the diffraction (magenta). Each parameter in the calculation is
shown in Table 1.

Figure 5 shows two curves: the black one shows the noise spectra with no diffraction,
the magenta one shows the noise spectra with diffraction. The diffraction causes the reduc-
tion of the laser power. At the frequencies between 1072 and 10~! Hz, the magenta curve
is lower than the black one because the effective laser power is smaller with diffraction.

For the same reason, at frequencies above 10~1 Hz, the magenta curve is higher than the
black one.
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Table 1. Mechanical and optical default parameters of DECIGO. L is the cavity length, r is the
reflectivity of the mirror, D is the coefficient of the diffraction, P is the laser power, and F is the
finesse of the FP cavity. The finesse is calculated in the two cases: with and without the diffraction loss.

Symbol Default (w/o Diffraction) Default (w/ Diffraction)
L 1000 km 1000 km
r 0.855 0.855
D 1 0.9760
P 10W 10W
F 10 7.611
5. Summary

In this paper, the treatment of diffraction loss in a FP cavity and quantum noise,
including the effect of the diffraction loss, are presented. First, two kinds of diffraction
losses are treated: leakage loss and higher-order mode loss. The coefficient of the diffraction
loss is defined as D;, which is given by Equation (7). The reflectivity and transmissivity
influenced by the diffraction loss are defined as the effective reflectivity r.¢ and the effective
transmissivity te for each mirror in the cavity. e and foi are given by Equations (8)
and (9). Also the finesse influenced by the diffraction loss is defined as Fg, which is
given by Equation (23). In terms of Equations (8), (9) and (23), a FP cavity with diffraction
loss can be treated with the coefficient D;. Also, quantum noise, including the effect of
diffraction loss, can be treated with Equations (7)-(9) and (23). The shot noise and the
radiation pressure noise including the diffraction loss given by Equations (42) and (62).
This result is useful for optimization of design of DECIGO optical parameters [10]. This
method is also applicable to all FP cavities with a relatively high finesse and a significant
diffraction loss in any interferometer.
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