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ABSTRACT 
According to one embodiment , a cavity with a cavity mode 
which is coupled to physical systems includes a spherical 
mirror and a plane mirror . The spherical mirror is provided 
at a birefringent crystal including the physical systems . The 
plane mirror is provided at the birefringent crystal opposite 
to the spherical mirror . The birefringent crystal has a first 
refractive index to light polarized in a first direction parallel 
to a polarization direction of the cavity mode on an optical 
axis of the cavity and a second refractive index to light 
polarized in a second direction parallel to the optical axis , 
the second refractive index being different from the first 
refractive index . A cavity length of the cavity and a mode 
waist radius of the cavity mode satisfy a specific condition . 
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CAVITY AND QUANTUM COMPUTER tion direction of the operation light and the wavefront of the 
cavity mode according to the second embodiment . 

CROSS - REFERENCE TO RELATED FIG . 14 is a diagram illustrating a directional dependency 
APPLICATIONS of scattered light intensity . 

5 FIGS . 15A and 15B are diagrams illustrating the orien 
This application is based upon and claims the benefit of tations of crystal axes of a solid medium in a cavity 

according to Example 3 . priority from Japanese Patent Application No . 2016 - 130860 , FIG . 16 is a diagram illustrating the size of a mode 
filed Jun . 30 , 2016 , the entire contents of which are incor generated in the solid medium depicted in FIGS . 15A and 
porated herein by reference . 10 15B . 

FIG . 17 is a diagram depicting a quantum computer 
FIELD according to a comparative example related to Example 3 . 

FIG . 18 is a perspective view depicting a cavity according 
Embodiments described herein relate generally to a cavity to Example 3 . 

which couples to physical systems and a quantum computer 15 FIG . 19 is a diagram depicting a quantum computer 
using the cavity . according to Example 3 . 

BACKGROUND 
DETAILED DESCRIPTION 

40 4 - lea - Blo ) a - - BELA = 6 

In recent years , much effort has been made to research 20 
quantum computers based on coupling between a cavity and According to one embodiment , a cavity with a cavity physical systems arranged in the cavity . In such a quantum mode which is coupled to physical systems includes a computer , the physical systems which couple to a common spherical mirror and a plane mirror . The spherical mirror is 
cavity mode of the cavity are used as qubits ( quantum bits ) . 25 provided at a birefringent crystal including the physical 
The quantum computer executes calculation by resonating systems . The plane mirror is provided at the birefringent 
the qubits with the common cavity mode to generate an crystal and is opposed to the spherical mirror . The birefrin 
interaction between the qubits , and in that state , optically gent crystal has a first refractive index to light polarized in 
manipulating the qubits . For the quantum computer , there a first direction parallel to a polarization direction of the 
has been a demand to increase the success probability of 30 cavity mode on an optical axis of the cavity and a second 
optical manipulation of the qubits referred to as quantum refractive index to light polarized in a second direction 
gate operation . parallel to the optical axis , the second refractive index being 

different from the first refractive index . A following expres 
BRIEF DESCRIPTION OF THE DRAWINGS sion is satisfied : 

35 1 - < l < l1 + 
FIG . 1 is a sectional view depicting a cavity according to where 12 - and 11 + satisfy a first embodiment . 
FIG . 2 is a perspective view depicting the cavity accord 

ing to the first embodiment . 
FIG . 3 is a diagram depicting an indicatrix . 
FIG . 4 is a diagram illustrating the range of design 

parameters for the cavity according to the first embodiment . 
FIG . 5 is a diagram illustrating the range of design and 

parameters for the cavity according to the first embodiment . 
FIG . 6 is a block diagram illustrating a quantum computer 

according to Example 2 . 
FIGS . 7A and 7B are a top view and a front view , 

respectively , depicting an example of a cavity according to 
a second embodiment . 50 in which lr = w - tn _ / h , and 1 = 12L / A , 1 is a cavity length of the FIGS . 8A and 8B are a top view and a front view , cavity , w is a mode waist radius of the cavity mode , L is a respectively , depicting another example of the cavity er example of the cavity total loss per one reciprocation in the cavity , A is a loss per 
according to the second embodiment . one reciprocation in the cavity not dependent on the cavity 

FIGS . 9A and 9B are a top view and a front view , length n is the second refractive index , and k is a wave 
respectively , depicting yet another example of the cavity 55 length of light in the cavity mode . 
according to the second embodiment . Hereinafter , embodiments will be described with refer 

FIG . 10 is a top view depicting another example of the ence to the drawings . In the following embodiments , like 
cavity according to the second embodiment . elements will be denoted by like reference symbols , and 

FIGS . 11A and 11B are a top view and a front view , duplicate descriptions will basically be omitted . 
respectively , depicting still another example of the cavity 60 
according to the second embodiment . 
FIGS . 12A and 12B are a top view and a front view , First Embodiment 

respectively , illustrating a relation between a polarization 
direction of operation light and a wavefront of a cavity mode 
according to the second embodiment . 65 A quantum computer is known which includes a mono 

FIGS . 13A and 13B are a top view and a front view , lithic cavity including mirrors oppositely attached to a 
respectively , illustrating the relation between the polariza - birefringent crystal . The quantum computer utilizes cou 

45 

4 - Cent 26 lu EA = 0 
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x y2 = 1 

kinz 

pling between the cavity and physical systems arranged in 
the birefringent crystal . For such a cavity , efficient coupling 
between a cavity mode and the physical systems is desired . nz ni nz 
This can be achieved by reducing a cavity loss and a cavity 
relaxation rate ( the rate at which energy of the cavity mode 5 
is lost per unit time ) . The cavity loss includes a loss resulting When the wave number vector is represented as 
from coupling between modes ( hereinafter referred to as a k = kwkwk . ) , the refractive index is represented by the 
mode coupling loss ) . In the present embodiment , a technique major diameter and minor diameter of a sectional ellipse cut 
for reducing the mode coupling loss will be described . When out from the indicatrix at a plane perpendicular to the wave 
the quantum computer includes a cavity with efficient cou - 10 number vector . The sectional ellipse is expressed as follows 
pling between the cavity mode and the physical systems , it based on polar coordinate indication . 
is possible to increase the success probability of quantum Á ( O ) = ( n , cos e cos 0 , n , , cos sin 0 , nz sin o ) gate operation such as a quantum gate based on adiabatic 
passage . In the expression , O is a function dependent on 0 . 

FIG . 1 and FIG . 2 are a sectional view and a perspective When the plane perpendicular to the wave number vector 
view , respectively , schematically depicting a cavity 10 is represented as $ = ( x , y , z ) , the following expression holds 
according to a first embodiment . The cavity 10 is a mono true because K . S = 0 . lithic Fabry - Perot cavity including a spherical mirror 12 
attached to a surface 14 of birefringent crystal 11 and a plane 20 k „ X + k?y + k _ z = 0 
mirror 13 attached to a surface 15 of the birefringent crystal The sectional ellipse Ã lies on the plane 3 , and thus the 11 opposite to the spherical mirror 12 , as depicted in FIG . 1 following expression holds true . and FIG . 2 . A radius of curvature of the spherical mirror 12 
is represented as R in FIG . 2 . k , n , cos 0 cos ( + k , P , cos 0 sin • + k _ n , sin 6 = 0 

The birefringent crystal 11 includes therein physical sys - 25 From this expression , the following expression in which is 
tems ( for example , atoms or ions ) which couple to a com - expressed by a function of o is obtained . 
mon cavity mode of the cavity 10 . In the present embodi 
ment , a z - axis direction is defined as a direction parallel to 
an optical axis of the cavity 10 , and x - axis direction is Kynycosø + kynysing 

tane = - defined as a polarization direction of the common cavity 30 
mode , the polarization direction being on the optical axis of 
the cavity 10 . The polarization direction refers to the direc A distance r from the origin of the sectional ellipse is 
tion of an electric field vector of light . In the birefringent birefringent expressed as follows using 0 . 
crystal 11 , a refractive index n , to light polarized in the 25 
X - axis direction ( i . e . , light with an electric light field parallel 
to the x - axis direction ) is different from a refractive index n . 
to light polarized in the z - axis direction . In the cavity 10 , a rík , 0 ) = ( nznzkycosø ) 2 + ( nynzk?sing ) 2 + n ] ( kxNzcosy + kynysing ) ? 
mode waist is formed on the plane mirror 13 . The mode ( kxn _ cosy + kynysing ) 2 + ( kznz ) ? 
waist refers to an area where the cavity mode has the 40 
smallest spot size . When q where r takes the maximum value is designated as The present embodiment provides conditions for the 0 ; and o where r takes the minimum value is designated as cavity ( cavity length and mode waist radius ) under which a 
mode coupling loss occurring in the cavity 10 can be 02 , an intrinsic refractive index is represented as n : ( k ) = rí 
suppressed . First , the mode coupling loss in the birefringent 45 Vk , ! ; ) G = 1 , 2 ) . The wave number ( the magnitude of the wave 
crystal is formulated . The formulation includes ( 1 ) obtaining number vector ) corresponding to each intrinsic refractive 
the refractive index of the birefringent crystal with respect to index is represented as 
a wave number vector , ( 2 ) obtaining an electric field distri 
bution of the cavity mode , ( 3 ) obtaining the spot size of the 
cavity mode and the radius of curvature of a wavefront of the 50 k ; = n ; ) , 
cavity mode , and ( 4 ) obtaining a spatial distribution of the 
refractive index of the birefringent crystal and obtaining a 
mode coupling constant for a cavity length and a mode waist where à denotes the wavelength of light in the cavity mode . 
radius and a performance index of a computing element . The wave number also satisfies k ; = Vk , 2 + k , , + k , ? , and thus , 
Subsequently , based on the mode coupling loss formulated 55 deletion of k or k . , allows the wave number k , to be 
in accordance with the above - described procedure , ( 5 ) a expressed as a function of k , , or k , and k . When 0 and 02 
condition is obtained under which the mode coupling loss is are approximated as 01 = 1 / 2 and 02 = 0 , the intrinsic refractive suppressed to enable high computing element performance index is expressed as follows . 
to be achieved . 

( 1 ) Refractive - Index Distribution ( Wave Number Distri - 60 
bution ) 

In the birefringent crystal , the refractive index varies 
depending on the polarization direction and thus on a wave 
number vector . Thus , the refractive index with respect to any 
wave number vector is formulated . An indicatrix 30 in a 65 
coordinate system illustrated in FIG . 3 is expressed as 
follows . 

ni ( ky , k , = nx { 1 + - matka , k ) ma _ { 1 + ( - 3 ) 
matky , k ) = n , { 1 + ( - 3 ) 

. 

n2 ( ky , k ) = ny 1 + NNEN N 
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Real part of x² in the mode 

R 

j = wx ( 2 ) 

( 2 ) Formulation of Electric Field Distribution of the 
Cavity Mode 

Using the formulated relation between the refractive 
index and the wave number , an electric field distribution of 
the cavity mode is expressed by the following integral 5 
( Fresnel - Kirchhoff ' s diffraction integral ) . E ( x , y , z ) = ffdk dk , 
À ( k _ k , ) exp [ ik , x + ik , y + iVk ; ? ( k _ k , , ) - k , 2 - k , / ] zo ( kyk , ) In 
this expression , E . ( kk , , ) represents an electric field distri 
bution in a wave number vector space at the position of the 
mode waist ( z = 0 ) , and 

Real part of y2 in the mode 
10 

j = 
Folk , k ) = exp | tekster 15 Imaginary part of x2 in the mode 

Nyt ? j = AR : ( 3 ) 
20 

Imaginary part of y? in the mode 

Ak , , k , , ) represents a vector representing a minor axis 
direction or a major axis direction of the sectional ellipse , 
and corresponds to the polarization direction of an electric 
field . 

To perform the integration , a coefficient of z in an 
exponent part is expanded to a second order of k and ky . 
Such approximation is appropriate because the direction of 
the wave number vector near the optical axis of the cavity 
mode is similar to the z - axis direction and because k , and k , , 25 
are small compared to the wave number . The electric field 
distribution of the cavity mode expanded to the second order 
of k , and k , is as follows . 

any . y ? se k , and k , 25 jaar j = - AR ? , ( z ) 

Therefore , the spot sizes and the radii of curvature of the 
wavefront are expressed as follows . 30 

E ; ( x , y , z ) = 
kfw + k w A ; explikyx + ikyy + i ( B ; + C ; k ? + D ; k ) - - 

35 

B = Erme , b2 = 24 , 01 = - Bi = nx , B2 = ny , C1 = - - Ahly 

whics ) – cz [ 1 + ( , Ruc ) + ( 1 + ( ] 
of y ( 2 ) = 0 [ 1 + ( 09 ] Riyle = { 1 + ( 
už , ( 2 ) = už [ 1 + ( Raz ( 2 ) = { { 1 + ( 
u $ , = o 1 ( ] 23 , 42 

Die vom De beste 
40 

The electric field distribution of the cavity mode is 
obtained as follows using an integral formula 

In the expressions , 
45 

Sexpi - ex ? – Pedx = V dvelem exp ( dx = Zjx = = moju 
50 and 

TA ? ; ( x , y , z ) = 
Mlecz to the 10 % + internet Zjy = ?niwy 

55 27 
nx exp . - I 

NNN ATILY 

are Rayleigh lengths . Wir is the waist size in the mode j in the 
X - axis direction , and is the waist size in the mode j in the 
y - axis direction . 

( 4 ) Refractive Index Distribution ( Spatial Distribution ) , 
( 3 ) Formulation of the Spot Size and the Radius of 60 the Performance Indices of the Mode Coupling Constant and 

Curvature of the Wavefront the Computing Element 
Based on the electric field distribution of the cavity mode , cavity formed of a birefringent medium involves a 

the spot size of the mode and the radius of curvature at each refractive index distribution formed in the medium in accor 
point on the z axis ( optical axis ) are obtained . The following dance with its cavity mode . The presence of such a refractive 
express relations between X terms and y terms in a mode 65 index distribution causes spatial modes ( transverse modes ) 
j and spot sizes Wir and W . , and the radii of curvature of the of polarized light beams to be coupled together . Thus , a 
wavefront Rjx and Riy . coupling constant and a mode coupling loss are obtained for 
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Lal0 , D = Lo?t – zjarctan 2210 ) + 50 

nz 
Kau = = 

Inx 
- - Zarctan — 
Nx ( Zlxnz ) ] 21x ! 270 kg ( 0 , 1 ) = 4 , 240 , = 2mm , 1201 - be an area on G + s4 } 

Aglos . = created by any | o | 1 = 2 , arca 1993 ) + su } CL ( W I ) c ( Llw 
= 011 – 22 yarctan fl ) 

2an 

a case where a fundamental mode couples to an infinite - continued 
number of higher modes . The performance index of a 
quantum computing element based on such a cavity is 
formulated . The coupling constant of mode coupling is 
proportional to a value resulting from integration , over the 5 
entire space , of the product of a refractive index distribution In the expression , L , is a coefficient incorporating all pro 
n ; ( x , y , z ) and an electric field intensity E ( x , y , z ) . At this time , portionality coefficients for the mode coupling . Cavity relax 
since an infinite number of higher modes are assumed to be ation rates K? , K , for the respective polarization modes are 

expressed as follows . present which couples to the fundamental mode , an effective 
coupling constant representing the sum of all the higher 
modes coupled together is not dependent on the type or cli ( Wx , 1 ) 
number of the higher modes coupled together . The refractive 2nn / 
index distributions in the x - and y - axis distributions are 
expressed by the same function with different widths for 15 K2 ( Wx , 1 ) = 122y / ] \ 22y 
each z due to the properties of Gaussian beams . Therefore , 
determination of a refractive index distribution ns : ( z ) on the 
spot size for each z allows the coupling constant to be A performance index nai determining the performance of the 
determined as follows . cavity as a computing element can be expressed as follows . 

20 
g ( 0 , 1 ) < / JJòn , ( x , y , z ) E ( x , y , z ) dxdydzxfol?n ( ) dz Mai = k ; y / g > « K _ ( 0 , 2 ) 002 

In the expression , n ; ( x , y , z ) = n ; + 8n ; ( x , y , z ) and n , ( 2 ) = n , + dngi A smaller value of the performance index is indicative of 
higher performance of the computing element . The perfor ( Z ) , and 1 is a cavity length . A loss resulting from the mode 

coupling of polarization modes is considered to be propor mance index nai is expressed as follows using K1 , K2 . 
25 tional to the coupling constant ( L , « g1 , L2482 ) . 

The spatial distribution of the refractive index at each 
position can be obtained from k / k , and k / k , of the wave 
number vector . The inclination of a tangent of a curve 
connecting the spot sizes for each z in a plane with x = 0 is 30 
designated as k , / k , on the spot size for each z . The inclina 
tion of a tangent to a curve connecting the spot sizes for each 
z in a plane with y = 0 is designated as k , / k , on the spot size In the expressions , c ; is a constant incorporating all of the 
for each z . These values are obtained by differentiating coefficients of y and g with respect to w ' , coefficients of K ; , 

( z ) , etc . with respect to z . Based on k / k , and k / k , thus 35 etc . 
obtained , the spatial distribution of the refractive index on ( 5 ) Conditions for Suppressing the Loss and Achieving 
the spot can be obtained as follows . High Computing Element Performance 

Based on the expression of the performance index ngi for 
the cavity thus obtained , conditions are examined under 

an which the loss can be suppressed to enable the performance 
nx + Snel ( z ) = ax + sn | of the cavity as a computing element to be enhanced . First , 

a condition is examined under which the optimal computing 
element performance is achieved when the loss other than 
the mode coupling loss does not depend on the cavity length 

Ny + Ons2 ( z ) = Ny + zny 2 " [ " nz Jz2 + z?y z?y 45 ( f ( 1 ) = ALO ) , where A represents a loss per one reciprocation 
in the cavity not dependent on the cavity length . In this case , 
nai is expressed as follows . 

Such a refractive index distribution leads to coupling of 
modes . The relevant coupling constant is obtained as fol 
lows . 

mal = , * { 111 - 1 arctan ( 2 6 * + 50 } 
2 = 0 * 7 { , [ 1 – za , arca ( ) + } 227 Lo na2 = C2 Loll - 72yarctan 

122y ) ] Z2y ) 

* * t énekes 2 m , 4 ou ( 1 3 ) , ???? nelle sue RNINN 
w 1 

50 Ne = c1 * { 2010 - piesartan 10 * + AL } 
Ho2 = c357 { , [ 1 – zzarca ( 26 ) + Alo } 229 ) LOV na2 = 21 + AL ) Loll - 72 varctan 

122y / ] 22y 8160 1 ) a 5af1 - 11 ) . arcted be the 
820 ) , bha gm ( 1 - 1 | - sayarciar ( 2013 ) These expressions are differentiated to allow the optimal 

cavity length / to be expressed as follows . 

Now , when the sum of the loss per cavity length other than IA winn the mode coupling loss and the transmissivity of the mirrors 60 ? = 2 is represented as f ( 1 ) , the loss to the cavity per cavity length 
is expressed as follows . 

In the expression , L is the total loss per one reciprocation in 
the cavity . This optimal structure corresponds to a minimum 

65 in a graph illustrated in FIG . 4 . The cavity length at which 
the performance index n , takes the minimum is represented 
as 1o . In this optimal structure , the loss resulting from the 

Li ( 0 , ) = Lo?1 - a arctar ( 6 + s ( 
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mode coupling is suppressed to allow the performance index Therefore , in the structure that suppresses the loss resulting 
ng to take the minimum . The effect of the inter - mode from the inter - mode coupling , the Rayleigh length 18 may 
coupling is assumed to be significant , making the perfor - satisfy the following relation . 
mance index nai double the minimum . Then , when the 
minimum of nai is represented as nai min , a cavity length 1 , 5 
at which nai = 2ngi min satisfies the following relation . ( 12 + ko ) ( 2 + Bl . ro ) - 

V ( 12 + lko ) ? ( 2 + Biro ) 2 – 41 rol [ B [ { 2 + PÃO ) + Iro ] Iro 2 [ B ( ? ? + Pro ) + 1 ro ] DIRA 4 - ( 12 m - Break - 10 202 ( R + RO ) ( 2 + BIRO ) + 

na = 61 * * ( 2012 - in areta ( 2 . . ) ) * + Blo } 
na = 0 ; { [ 1 = zagarctan ( 216 ) + Bil } na2 = C2 

llwy 
LOZ – Z2 varctan — 

12y / ] [ 22y ) 
| + BILO 

V ( x2 + lo ) ? ( 2 + Bl ro ) 2 – 4 . Rol [ B [ { 2 + lo ) + lro ] When two of the solutions satisfying this formula are IR < lro - - 2 [ B ( 12 + IRO ) + 1ro ] assumed to be 11 + , 11 - ( 11 - > 11 - ) , then in a structure that 
suppresses the loss resulting from the inter - mode coupling , 15 
the cavity length 1 may satisfy the following relation . Even when the cavity length 1 ranges from the half of the 

optimal cavity length 1 , to the double of the optimal cavity 
11 - < l < l1 + length ( 0 . 51 , sls210 ) , the loss resulting from the inter - mode 

As is apparent from FIG . 4 , when the cavity length ranges 20 coupling is effectively suppressed . Therefore , the cavity may 
from the half of the optimal cavity length 1 , to the double of 20 be designed so as to satisfy 0 . 51 , sls21 . 
the optimal cavity length ( 0 . 51 , sls21 . ) , the performance Such a condition can be determined using a method 

similar to the above - described method even when the loss index nai varies insignificantly , that is , the loss resulting other than the mode coupling loss is expressed by a more from the inter - mode coupling is effectively suppressed . 
Therefore , the cavity may be designed so as to satisfy 25 os general function . The above - described example is illustra 
0 . 51 , sls21 . tive , and the condition for suppressing the loss of the cavity 

A condition is also examined under which the optimal mode of the cavity attached to the birefringent crystal can be 
computing element performance is achieved when the loss obtained by formulating the mode coupling loss using the 
other than the mode coupling loss is proportional to the above - described analysis technique for various cavities . 
cavity length ( f ( 1 ) = BIL , ) , where B represents a loss per one 30 Example 1 reciprocation in the cavity proportional to the cavity length . 
In this case , nai is expressed as follows . In Example 1 , an example of the cavity will be described 

in which the loss other than the mode coupling loss is not 
35 dependent on the cavity length . 

As depicted in FIG . 1 , the cavity in Example 1 is a 
monolithic Fabry - Perot cavity including a Y SiO crystal 
into which Pr3 + ions are doped ( Pr : YSO ) as the birefringent 
crystal 11 , the spherical mirror 12 arranged on the surface 14 

40 of the Y SiO , crystal , and the plane mirror 13 arranged on 
The expressions are differentiated to allow the cavity length the surface 15 of the Y Si0 , crystal . The spherical mirror 12 
to be expressed as follows . and the plane mirror 13 are arranged such that the b axis of 

the crystal axes ( b axis , D , axis , D , axis ) of the Y SiO 
crystal is parallel to the optical axis ( z axis ) of the cavity . The 

45 spherical mirror 12 and the plane mirror 13 are used such 
that the polarization direction ( x - axis direction ) of the cavity 
mode on the optical axis is parallel to the D2 - axis direction . 
When light is assumed to have a wavelength of 606 nm , a In the expression , 1r represents a Rayleigh length , IR = w on / refractive index to light polarized in the D , - axis direction is à . This optimal structure corresponds to the minimum of the 

graph in FIG 5 The optimal Rayleigh length is represented 30 approximately 1 . 81 , and a refractive index light polarized in 
the b - axis direction is approximately 1 . 79 . The spherical as leo . In this optimal structure , the loss resulting from the mirror 12 is produced by polishing the surface 14 of the mode coupling is suppressed to allow nai to take the mini Y SiO , crystal so as to set the radius of curvature R to 2 . 000 mum . 

The effect of the inter - mode coupling is assumed to be mm and forming a dielectric multilayer film on the polished 
surface 14 . The Y , SiOz crystal is processed so as to set the significant to make nai double the minimum . When the cavity length to 0 . 173 mm . The plane mirror 13 is produced minimum of nai is represented as nai min , the Rayleigh length by forming a dielectric multilayer film on the surface 15 Iri at which nqi = 2nai min satisfies the following relation . subjected to surface polishing . This results in a mode waist 
radius of 5 um . 

60 The thus processed cavity satisfies the condition for 
Iri = lro + 8 suppressing the mode coupling loss when , for example , the 

( f + P?o ) ( 2 + Blro ) + loss AL , on the spherical mirror 12 is approximately 0 . 01 % 
and the loss BIL , in the birefringent crystal is negligible . The 

V ( 12 + PRO ) ? ( 2 + Bl . ro ) 2 – 41 rol [ B [ { + PRO ) + Iro ] thus processed cavity also satisfies the condition for sup 
2 [ B ( l2 + Iro ) + lro ] 65 pressing the mode coupling loss even when , for example , the 

loss BIL , in the birefringent crystal is approximately 0 . 01 % 
and the loss AL , on the spherical mirror 12 is negligible . 

2 = arctan ( - ) - Filho 

O = - 



US 9 , 910 , 340 B2 

Therefore , the cavity according to Example 1 allows the while executing quantum gate operation for error correction , 
mode coupling loss to be suppressed . and adopts information processing results produced when no 

lost photon is detected . This allows efficient suppression of 
Example 2 the adverse effect of the error on information processing . 

5 In cases where the qubits are arranged in the solid 
In Example 2 , a quantum computer utilizing the cavity medium , operation light may be scattered in the solid 

according to the first embodiment will be described . medium or at an interface between the outside and the solid 
FIG . 6 schematically illustrates the quantum computer medium . Then , scattered light which is more intense than the 

according to Example 2 . The quantum computer illustrated lost photon may reach a photodetector , making the scattered 
in FIG . 6 includes the cavity 10 depicted in FIG . 1 . The 10 light resulting from the operation light difficult to distinguish 
cavity 10 includes a Pr3 + : Y , SiO , crystal corresponding to from the lost photon . Therefore , the lost photon is precluded 
the birefringent crystal 11 . The cavity 10 is arranged in a from being correctly detected . Thus , even if the lost photon 
cryostat 68 so as to be kept at low temperature ( for example , is not actually lost , the information processing results may 
4K ) . be discarded because of the scattered light . That is , the 

The quantum computer further includes a light source 15 quantum gate operation may be considered to have failed . 
apparatus which generates operation light to manipulate In the second embodiment , a technique is provided which 
physical systems used as qubits and which irradiates the allows , when the physical systems in the solid medium are 
physical systems with the operation light . The light source utilized as qubits , a lost photon to be correctly detected 
apparatus includes a semiconductor laser 60 , a beam splitter while avoiding the adverse effect of scattering of the opera 
61 , a mirror 62 , acousto - optic modulators 63 and 64 , mirrors 20 tion light allowing the qubits to be manipulated . 
65 and 66 , a lens 67 , and a controller 69 . Laser light output FIGS . 7A and 7B are a top view and a front view , 
from the semiconductor laser 60 is split into two portions by respectively , schematically depicting a cavity 70 in one 
the beam splitter 61 . One of the laser light beams resulting example used for a quantum computer according to the 
from the splitting enters the acousto - optic modulator 63 , second embodiment . As depicted in FIGS . 7A and 7B , the 
while the other laser light beam is reflected by the mirror 62 25 cavity 70 includes a solid medium 71 , a spherical mirror 72 
to enter the acousto - optic modulator 64 . The acousto - optic attached to the solid medium 71 , and a spherical mirror 73 
modulators 63 and 64 modulate the frequency and intensity attached to the solid medium 71 opposite to the spherical 
of the laser light in accordance with control signals gener - mirror 72 . The solid medium 71 includes therein physical 
ated by the controller 69 . The laser light beam modulated by systems which resonate with the common cavity mode of the 
the acousto - optic modulator 63 is guided by the mirrors 65 , 30 cavity 70 . The solid medium 71 has parts different in 
66 and the lens 67 so as to be radiated to the cavity 10 . The thickness in a traveling direction of operation light used to 
laser light beam modulated by the acousto - optic modulator manipulate the physical systems used as qubits . The thick 
63 is guided by the lens 67 so as to be radiated to the cavity n ess hereinafter refers to the thickness in the traveling 
10 . The quantum computer can execute a quantum gate by direction of the operation light unless otherwise specified . In 
selectively manipulating two qubits through irradiation with 35 FIG . 7A , the operation light travels from an incident surface 
the two laser light beams . 77 to an emitting surface 78 . The solid medium 71 has a thin 

The quantum computer according to Example 2 performs part 74 , thick parts 76 adjacent to the spherical mirrors 72 
quantum gate operation using the cavity in which the cavity and 73 , respectively , and parts 75 each extending in a 
mode of the cavity efficiently couples to the physical sys - tapered manner between the part 74 and the part 76 . The 
tems included in the birefringent crystal . This enables an 40 physical systems positioned in the part 74 are utilized as 
increase in the success probability of the quantum gate qubits . A part of the surface of the part 74 is irradiated with 
operation . the operation light . The part 74 is hereinafter referred to as 

the irradiated part . The operation light is emitted from such 
Second Embodiment a light source apparatus as depicted in FIG . 6 . 

45 The physical systems used as the qubits resonate with the 
For a quantum computer which optically manipulates common cavity mode and perform an interaction needed for 

physical systems used as qubits and in which the physical the two - quantum - bit gate , via a photon present in the cavity 
systems resonate with the common cavity mode to interact mode . The solid medium 71 is partly thinned to the extent 
with one another , a method is known which suppresses the that the effect on the lifetime of the photon of the cavity 
adverse effect of an error in quantum gate operation on 50 mode is prevented from hindering execution of the two 
information processing when the error results from a par quantum - bit gate . 
ticular cause . The error in quantum gate operation corre The total amount of scattered light generated inside the 
sponds to a difference between an actual quantum state of solid medium 71 by the operation light is substantially 
the qubits resulting from quantum gate operation and a proportional to the length of an optical path of the operation 
quantum state of the qubits that is expected to be established 55 light inside the solid medium 71 when the solid medium 71 
as a result of the quantum gate operation . For example , a is a common uniform transparent medium and the total 
conditioned quantum gate which varies the quantum state of amount of scattered light corresponds to a very small portion 
one qubit according to the quantum state of another qubit or of the incident light ( for example , 10 % or less ) . The solid 
a quantum gate referred to as a two - quantum - bit gate is medium 71 may be such a transparent medium . The solid 
executed by adiabatic passage using operation light . At this 60 medium 71 is formed to make the irradiated part 74 thinner 
time , a photon may be lost due to spontaneous emission than the neighbor parts 75 and 76 so as to set a short optical 
from the physical systems used as the qubits , or a photon path of the operation light inside the solid medium 71 . This 
may be lost which are in a cavity mode needed to allow the enables a reduction in possible scattered light . 
physical systems used as the qubits to interact with each FIGS . 8A and 8B are a top view and a front view , 
other . This results in such an error . The photon lost in this 65 respectively , schematically depicting a cavity 80 in another 
manner is referred to as a lost photon . In these cases , the example used for a quantum computer according to the 
quantum computer is configured to detect a lost photon second embodiment . As depicted in FIGS . 8A and 8B , the 
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cavity 80 includes a solid medium 81 , a spherical mirror 82 FIGS . 11A and 11B are a top view and a front view , 
attached to the solid medium 81 , and a plane mirror 83 respectively , schematically depicting a cavity 110 in another 
attached to the solid medium 81 opposite to the spherical example used for a quantum computer according to the 
mirror 82 . The solid medium 81 includes therein physical second embodiment . As depicted in FIGS . 11A and 11B , the 
systems which resonate with the common cavity mode of the 5 cavity 110 includes the solid medium 71 , the spherical 
cavity 80 . The solid medium 81 has a thin irradiated part 84 mirrors 72 and 73 attached to the solid medium 71 opposite 
adjacent to the plane mirror 83 , a thick part 86 adjacent to to each other , an anti - reflective coating 111 applied to the the spherical mirror 82 , and a part 85 extending in a tapered incident surface 77 of the irradiated part 74 , an anti - reflec manner between the part 84 and the part 86 . tive coating 112 applied to the emitting surface 78 of the FIGS . 9A and 9B are a top view and a front view , 10 irradiated part 74 , and an optical trap 113 provided opposite respectively , schematically depicting a cavity 90 in another to the anti - reflective coating 112 . The optical trap 113 is example used for a quantum computer according to the installed beyond the anti - reflective coating 112 in the trav second embodiment . The cavity 90 depicted in FIGS . 9A and 
9B is toroidal or disc - shaped cavity having a cavity mode eling direction of the operation light . The solid medium 71 
referred to as a whispering gallery mode . The cavity 90 15 is not limited to the example where the irradiated part 74 15 
includes a disc - shaped solid medium 91 . A tapered optical shaped to be thinner than the neighbor parts 75 and 76 as 
fiber ( not depicted in the drawings ) for light input and output depicted in FIG . 11A but may be configured such that the 
is connected to the solid medium 91 . The solid medium 91 irradiated part 74 has the same thickness as that of the other 
includes therein physical systems which resonate with the parts 75 and 76 , for example , as in the cavity 10 depicted in 
common cavity mode of the cavity 90 . The cavity mode is 20 FIG . 2 . 
present inside the solid medium 91 along a periphery of the The anti - reflective coatings 111 and 112 prevent internal 
solid medium 91 . The solid medium 91 includes a thin reflection . Specifically , the anti - reflective coating 112 pre 
irradiated part 94 extending along the periphery and a thick vents the operation light traveling through the solid medium 
part 95 positioned inside the irradiated part 94 . 71 from being reflected by the emitting surface 78 . The 

FIG . 10 is a top view schematically depicting a cavity 100 25 provision of the anti - reflective coating 112 reduces the 
in another example used for a quantum computer according operation light reflected by the emitting surface 78 . The 
to the second embodiment . As depicted in FIG . 10 , the anti - reflective coating 111 prevents the operation light trav 
cavity 100 includes a solid medium 101 and spherical eling through the solid medium 71 after being reflected by 
mirrors 102 , 103 and 104 attached to the solid medium 101 . the emitting surface 78 from being reflected by the incident 
The solid medium 101 includes therein physical systems 30 surface 77 . The provision of the anti - reflective coating 111 
which resonate with the common cavity mode of the cavity reduces the operation light reflected by the incident surface 
100 . The cavity mode is present between the spherical 77 . 
mirror 102 and the spherical mirror 103 , between the spheri In the example illustrated in FIGS . 11A and 11B , the 
cal mirror 103 and the spherical mirror 104 , and between the anti - reflective coating is applied both to the incident surface 
spherical mirror 102 and the spherical mirror 104 . The 35 77 and to the emitting surface 78 . However , the areas to 
irradiated part 105 of the solid medium 101 is formed to be which the anti - reflective coating is applied are not limited to 
thinner than other neighbor parts . the areas in this example . For example , the anti - reflective 

The cavity 80 depicted in FIGS . 8A and 8B , the cavity coating may be applied to at least one of the incident surface 
depicted in FIGS . 9A and 9B , and the cavity 100 depicted in 77 and the emitting surface 78 . Preferably , the anti - reflective 
FIG . 10 are each shaped to set a short optical path of the 40 coating may be applied to the emitting surface 78 . The 
operation light inside the solid medium , like the cavity 70 anti - reflective coating may be applied to areas other than the 
depicted in FIGS . 7A and 7B . This enables a reduction in incident surface 77 and the emitting surface 78 . 
possible scattered light . The optical trap 113 traps the operation light transmitted 

As described below , additional scattered light may be through the solid medium 71 . The provision of the optical 
generated . In the cavity 70 depicted in FIG . 7 , the operation 45 trap 113 prevents the operation light transmitted through the 
light enters the solid medium 71 through the incident surface solid medium 71 from entering the solid medium 71 again . 
77 , passes through the solid medium 71 , and exits the solid Instead of the optical trap 113 , an optical absorber may be 
medium 71 through the emitting surface 78 . At this time , a used . 
portion of the operation light is reflected by the emitting The anti - reflective coating and the optical trap 113 or the 
surface 78 and passes through the solid medium 71 again . In 50 optical absorber may be applied to other cavities such as the 
this case , the reflected light from the emitting surface 78 cavity 80 depicted in FIGS . 8A and 8B , the cavity 90 
may cause the generation of additional scattered light inside depicted in FIGS . 9A and 9B , and the cavity 100 depicted in 
the solid medium 71 . When the reflected light reaches the FIG . 10 . 
incident surface 77 , most of the reflected light exits the solid As described above , the anti - reflective coatings 111 , 112 , 
medium 71 through the incident surface 77 , while a portion 55 and the optical trap 113 prevent multiple reflections of the 
of the reflected light is reflected by the incident surface 77 operation light inside the solid medium 71 and causing the 
and passes through the solid medium 71 again . The reflected generation of scattered light . The anti - reflective coatings 
light from the incident surface 77 may cause the generation 111 , 112 , and the optical trap 113 further prevent the 
of additional scattered light inside the solid medium 71 . operation light having temporarily exited the solid medium 
Furthermore , the operation light having exited through the 60 71 from being returned into the solid medium 71 and causing 
emitting surface 78 may , for example , be reflected by any the generation of scattered light , and also prevent the opera 
object and enter the solid medium 71 again . The operation tion light having exited the solid medium 71 from reaching 
light having entered the solid medium 71 may cause the a certain scatterer and thus causing the generation of scat 
generation of additional scattered light inside the solid tered light . As a result , the scattered light can be prevented 
medium 71 again . A mechanism will be described which 65 from reaching the photodetector which detects a lost photon . 
prevents additional scattered light from being generated as Moreover , upon reaching the incident surface 77 or the 
described above . emitting surface 78 , the scattered light generated in the solid 
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16 
medium 71 can be prevented from returning into the solid ( power ) per unit solid angle is proportional to sin ? 0 . 
medium 71 after being reflected by the incident surface 77 Therefore , when the polarization direction of the operation 
or the emitting surface 78 . light is orthogonal to the wavefront of the cavity mode , 

In the present embodiment , the polarization direction of scattered light is less likely to be generated in the direction 
the operation light can be set to coincide with a direction 5 orthogonal to the wavefront of the cavity mode . 
which crosses ( for example , is orthogonal to ) the wavefront As described above , the provision of the anti - reflective 
of the cavity mode . The polarization direction points to the coating in the irradiated part allows the scattered light 
direction of an electric field vector of light . FIGS . 12A and generated in the solid medium to exit the solid medium 
12B depict the Fabry - Perot cavity 70 depicted in FIGS . 7A without being reflected at the interface between the solid 
and 7B and in which the polarization direction of the 10 medium and the outside . When the polarization direction of 
operation light is set to coincide with a direction orthogonal the operation light is set to coincide with the direction 
to the wavefront of the cavity mode . FIGS . 13A and 13B orthogonal to the wavefront of the cavity mode , the direction 
depict a cavity 130 which is similar to the cavity 90 depicted in which the intensity of the scattered light exiting the solid 
in FIGS . 9A and 9B and in which the polarization direction medium increases is mostly limited to an in - plane direction 
of the operation light is set to coincide with a direction 15 of the wavefront of the cavity mode including an operation 
orthogonal to the wavefront of the cavity mode . In a solid light irradiated spot of the solid medium . Thus , the anti 
medium 131 in the cavity 130 , the irradiated part has the reflective coating is applied to the irradiated part , and the 
same thickness as that of the neighbor parts . When the polarization direction of the operation light is set to coincide 
polarization direction of the operation light is orthogonal to with the direction orthogonal to the wavefront of the cavity 
the wavefront of the cavity mode , scattered light is less 20 mode . Therefore , even if the lost photon is lost from an 
likely to be generated in the direction orthogonal to the element other than the input / output element for the light in 
wavefront of the cavity mode . The reason will be described the cavity mode and the light outside of the cavity , for 
below . example , even if the lost photon is lost from the cavity mode 

A lost photon is assumed to be lost mostly through an or due to spontaneous emission from the physical systems 
input / output element for light in the cavity mode and light 25 used as the qubits , the present embodiment enables the 
outside of the cavity . For example , for the Fabry - Perot arrangement of the photodetector to be selected to allow the 
cavity , a lost photon is lost through the mirror ( for example , lost photon to be more accurately detected while avoiding 
the spherical mirror 72 or the spherical mirror 73 ) included the adverse effect of the scattered light generated as a result 
in the cavity . For the toroidal or disc - shaped cavity , a lost of scattering of the operation light by the solid medium . 
photon is lost through the tapered optical fiber for input and 30 As described above , the present embodiment adopts at 
output . In these cases , a spatial mode ( the area where the lost least one of ( 1 ) forming the irradiated part of the solid 
photon is present and the direction in which the lost photon medium to be thinner than the other neighbor parts , ( 2 ) the 
travels ) outside the cavity mode for the lost photon traveling provision of the anti - reflective coating and the optical trap or 
from the cavity mode to the outside of the solid medium is the light absorber , and ( 3 ) the setting of the polarization 
evidently known , and a photodetector or a photon detector 35 direction of the operation light to coincide with the direction 
is arranged in association with the spatial mode . That is , the intersecting the wavefront of the cavity mode . The present 
photodetector or the photon detector is considered to be embodiment thus allows the lost photon to be correctly 
arranged near the mirror included in the cavity , or at an end detected while avoiding the adverse effect of scattering of 
surface of the I / O tapered optical fiber . At this time , when the the operation light allowing the qubits to be manipulated . 
polarization direction of the operation light is set to be 40 
orthogonal to the wavefront of the cavity mode , it is possible Example 3 
to significantly reduce the possibility that the photodetector 
is reached by a photon that is not the lost photon , that is , A quantum computer according to Example 3 uses , as a 
scattered light generated by the effect of the operation light . qubit , quantum states of nuclear spin of Pr + ions in the 
Next , the reason why scattered light is less likely to be 45 Y SiO , crystal . 

generated in the direction orthogonal to the wavefront of the A solid medium 151 including qubits as depicted in FIGS . 
cavity mode when the polarization direction of the operation 15A and 15B is prepared as follows . A cube is produced 
light is orthogonal to the wavefront of the cavity mode will which is 3 mm on a side and which is formed of a 
be explained . Pr + : Y , SiO , crystal with 10 - 6 % of Y3 + ions in the Y , SiO 

When the scatterer is irradiated with light to generate 50 crystal substituted with Pr3 + ions . One face of the cube is 
scattered light , an intensity distribution of the scattered light processed into a spherical surface which is tangent to the 
depends significantly on the traveling direction and polar - center of the face and which has a radius of curvature of 3 . 3 
ization direction of irradiation light . The dependency will be mm . At this time , the direction of the crystal axis of the 
described with reference to FIG . 14 . As illustrated in FIG . Pr + : Y , SiO , is set as follows . A B axis of the crystal is set 
14 , the irradiation light traveling in the z - axis direction is 55 to coincide with a direction which is orthogonal to a line 
assumed to have an electric field vector oscillating in the connecting the center ( designated as an 0 point ) of the 
y - axis direction . When the irradiation light is scattered into spherical surface and the center ( designated as a B point ) of 
scattered light by the scatterer , the direction of a dipole a plane opposite to the spherical surface and which is 
moment induced by the scatterer is also the y - axis direction . orthogonal to one of four planes connected to the spherical 
Electromagnetic waves radiated from the dipole moment are 60 surface . A D2 axis is set not to be parallel to the line 
scattered light . The intensity of the scattered light in a far connecting the O point and the B point together and not to 
field is high for scattered light traveling in the z - axis be orthogonal to the line connecting the O point and the B 
direction and in the x - axis direction , and is low for scattered point together . 
light traveling in the y axis direction . When the angle As depicted in FIG . 16 , when dielectric multilayer mirrors 
between the y - axis direction and a direction from the scat - 65 162 and 163 are formed on the spherical surface of the solid 
terer toward an observation point where the intensity of medium 151 , a cavity mode is generated in the solid medium 
scattered light is observed is represented as 8 , the intensity 151 . An intersection point between a line connecting the O 
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point and the B point together and the spherical surface described incident surface ) which shares the center of a 
formed on the crystal is designated as an A point . To square surface opposite to the spherical surface of the solid 
introduce interactions between the physical systems ( Pr3 + medium 151 , with the rectangle left to serve as a mirror . As 
ions ) used as qubits , a cavity mode near 494 . 7 THz is depicted FIG . 19 , the pinhole 171 with a radius of 100 um 
utilized that is included in TEMpo modes generated along a 5 and the photodetector 173 are arranged near the point , and 
line AB connecting the A point and the B point together , and the pinhole 172 with a radius of 30 um and the photodetector 
which resonates with a PH - - D , transition of Pr + ions . This 174 are arranged near the B point . As is the case with the 
cavity mode has a mode waist at the B point , and a mode above - described structure , the C point is irradiated with 
waist radius ( mode radius ) is approximately 10 um . Near the operation light , and the total of light intensities detected by 
mode waist , the wavefront of the mode is substantially 10 the two photodetectors 173 and 174 is recorded as I . 
planar . At the A point , the mode radius has a maximum value The ratio between 1 and 12 is expressed as follows mainly 
of 33 um . due to a difference in optical path length of the operation 

The magnitude ( coupling constant ) of the interaction light traveling through the solid medium 151 while gener 
between the cavity mode and the Pr3 + ions increases with ating scattered light . 
decreasing distance to the line AB and with decreasing mode 15 
radius . Therefore , ions near the B point are used as qubits . 
In the present example , an end surface of the solid medium 2 . 5 0 . 5 1 sx _ 2 . 5 . 98 151 and the dielectric multilayer mirror 163 are located at 0 . 5 - X – 100T 
the position of the mode waist . To avoid scattering of the 
operation light by the end surface of the solid medium 151 20 2 . 5 9S 0 . 5 or the dielectric multilayer mirror 163 , ions at a C point that 
is approximately 500 um closer to the A point than the B m Jol V . x2 + 2 . 52 100 
point are used as qubits . In the present example , a mode ~ 3 . 6x 10 - 2 waist radius of 10 um is sufficiently larger than the wave 
length of the cavity mode ( approximately 606 nm , which 25 
corresponds to 494 . 7 THz ) . Thus , the mode has a small In the expression , S denotes the opening area of the pinhole 
spread angle toward the A point , and thus , even at the C 151 near the A point is denoted as . The use of the cavity 
point , a coupling constant substantially similar to the cou - depicted in FIG . 18 reduces photons of the scattered light 
pling constant at the B point is acquired . Therefore , the reaching the photodetectors 173 and 174 to approximately 
operation light utilized to manipulate the qubits is radiated 30 one - thirtieth . That is , the quantum computer according to the 
to the C point in a focusing manner such that the diameter present example ( FIG . 19 ) includes the solid medium 151 , 
of the operation light is approximately 10 um . This allows which is thinner at the irradiated part than at the other parts 
the ions present at the C point to be used as qubits . near the irradiated part , thus enabling a reduction in the 

A surface of the solid medium 151 opposite to the adverse effect of the scattered light resulting from scattering 
spherical surface is also processed into a spherical surface to 35 of the operation light by the solid medium and preventing 
allow a mode waist to be created inside the solid medium accurate detection of a lost photon . 
151 . For example , the length ( cavity length ) between the A 
point and the B point in the solid medium 151 in the present Example 4 
example is set to 6 mm , a plane at the B point is also 
processed into a spherical surface that is tangent to the plane 40 A quantum computer according to Example 4 is similar to 
at a central point of the plane , and both spherical surfaces are the quantum computer in Example 3 except that an anti 
set to have a radius of curvature of 3 . 3 mm . Then , a mode reflective coating is applied to an operation light incident 
waist is generated at a middle point of a segment connecting surface and an operation light emitting surface of the solid 
the A point and the B point together . In that case , the middle medium 151 . The coating reduces the probability that the 
point is irradiated with the operation light , and ions present 45 Operation light is reflected by the emitting surface and enters 
at the middle point are used as qubits . the solid medium 151 again to generate scattered light or 

When the solid medium 151 is a single crystal that is repeatedly reflected between the incident surface and the 
substantially transparent to the operation light and surfaces emitting surface to generate scattered light in the solid 
at which mirrors are to be provided is sufficiently accurately medium or that scattered light generated in the solid medium 
polished , a main process , in which a photon needed for the 50 151 reaches the emitting surface or the incident surface and 
interaction between the Pr + ions used as qubits is lost from is then reflected by the surface to return into the solid 
the solid medium 151 in the present example , is considered medium 151 . Thus , compared to Example 3 , the present 
to be a process in which a photon exit the solid medium 151 example enables a further reduction in photons of the 
through the mirror 162 or 163 . To allow detection of a lost scattered light reaching the photodetectors . 
photon that are lost during the process , a pinhole 171 with 55 In the present example , an optical trap is provided which 
a radius of 100 um and a photodetector 173 are arranged receives the operation light exiting through the emitting 
near the A point , and a pinhole 172 with a radius of 30 um surface . The optical trap reduces the adverse effect of the 
and a photodetector 174 are arranged near the B point , as operation light exiting through the emitting surface and 
depicted in FIG . 17 . impinging on an object or being scattered by air or particu 

In this state , first , operation light of approximately 100 60 lates in the air before reaching the photodetectors , thus 
UW is radiated which has an electric field vector orthogonal preventing accurate detection of a lost photon . The provision 
to the line AB and parallel to the incident surface . The total of the optical trap is also effective in Example 3 and in 
of light intensities detected by the two photodetectors 173 Example 5 described below . 
and 174 is recorded as 11 : As described above , in the quantum computer according 

Then , a cavity is prepared by processing a quadratic prism 65 to the present example , the anti - reflective coating is applied 
so as to cut away opposite sides of a 100 umx3 mm rectangle to the operation light incident surface and operation light 
( long sides of the rectangle are parallel to the above - emitting surface of the solid material , and the optical trap or 
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a light absorber is provided beyond the emitting surface . In this case , if the polarization direction of the operation 
This enables a reduction in the adverse effect of scattered light is orthogonal to the line AB , the intensity I of scattered 
light resulting from scattering of the operation light by the light reaching the two photodetectors 173 , 174 is expressed 
solid medium or a substance outside the solid medium and as follows . 
preventing accurate detection of a lost photon . ? ast 

0512 = 3 . 6x10 - 3 2 . 52 + ( 0 . 1 + 

sin ? 02 < 0 . 52 + ( 0 . 0 0 . 52 + ( 0 . 05 + 0 . 03 ) 2 = 2 . 4x10 - 2 

Example 5 0 . 1x2 0 . 03 x2 
} < 6 . 91 x1 U “ - X112 vow - tovova : 2x10 - ( W ) 12 . 5 X 2 X 7 0 . 5X2X ) 

In Example 5 , in a quantum computer similar to the 
quantum computer in Example 4 , the polarization direction 10 
of the operation light is set to coincide with the direction of Thus , when the polarization direction of the operation light 
the line AB , that is , to be orthogonal to the wavefront of the is parallel to the line AB , the intensity of the scattered light 
cavity mode . In this case , the angle between the traveling reaching the two photodetectors 173 and 174 can be made 
direction of scattered light reaching the photodetectors and lower than 10 - 15W , which is 1 / 100 to 1 / 1000 of the intensity I 
the polarization direction of the operation light is denoted as as 15 in the expression . 
0 , for the photodetector 173 at the Apoint , and as o , for the For example , when a two - quantum - bit gate is executed at 
photodetector 174 at the B point . Then , the following are 100 us , since a lost photon has an energy of approximately 
given . 4x10 - 19 J , it is necessary to accurately detect light of 

4x10 - 19 J / 100 us = 4x10 - 15 W , which corresponds to a lost 
photon intensity in the case of a loss of one photon for one 

( 0 . 1 + 0 . 05 ) gate , in order to achieve detection of a lost photon for this 
quantum gate . The present example allows the intensity of 

( 0 . 05 + 0 . 03 ) 2 scattered light resulting from scattering of the operation light 
25 and reaching the photodetector to be reduced to 10 - 15 W or 

less , enabling a lost photon to be accurately detected . 
Example 3 , Example 4 , and Example 5 assume that In the polarization of the operation light in Example 3 and multiple scattering is negligibly small in magnitude in which 

Example 4 , the following hold true . intense operation light causes generation of scattered light 
sin ? 0 , - 1 30 that is further scattered in the solid medium . However , even 
sin ? 02 - 1 with multiple scattering taken into account , the technique 
When the angle between the polarization direction of the described in the second embodiment is effective . Further 

operation light and a direction from a scatterer toward an more , in Example 3 , Example 4 , and Example 5 , even when 
observation point where the intensity of the scattered light scattering at the interface between the solid medium and the resulting from scattering of the operation light is observed is 35 outside is taken into account , the technique described in the denoted as 8 , the intensity of the scattered light is propor second embodiment is effective . 
tional to sin? 0 . Therefore , the present example sets the Preferred aspects of the second embodiment will be 
polarization direction of the operation light as described described below 
above to allow photons of the scattered light reaching the 11 A quantum computer according to a first aspect 
photodetectors to be further reduced to approximately 1 / 100 to 70 includes : 1 / 1000 relative to Example 3 . a cavity including a solid medium including physical 

Scattering caused by the operation light inside the solid systems used as qubits , the cavity having a cavity mode 
medium 151 in the present example is considered to be which resonates with the physical systems ; 
comparable to scattering of light with a wavelength of 700 45 a light source unit which irradiates the physical systems 
nm by quartz in optical fibers . The quartz in the optical fibers with operation light having a polarization direction crossing 
causes a scattering loss of approximately 3 dB / km . There a wavefront of the cavity mode when the physical systems 
fore , the following expression expresses a total scattered are coupled to each other by the cavity mode ; and 
light intensity ( scattering loss ) resulting from traveling of a detector which detects a photon lost from the physical 
incident light with an intensity lin through a 1 - km solid 50 systems or from the cavity mode . 
medium 151 : [ 2 ] : In the quantum computer set forth in [ 1 ] , the solid 

medium includes a first part where the physical systems are 
arranged and a second part different from the first part , the 

linx ( 1 – 10 - T ) . first part being smaller than the second part in a thickness in 
a traveling direction of the operation light . 

[ 3 ] : The quantum computer set forth in [ 1 ] or [ 2 ] further 
In the present example , in the irradiated part , the solid includes a first anti - reflective coating applied to a first 
medium 151 has a thickness of 100 um in the traveling surface of the solid medium on which the operation light is 
direction of the operation light . Thus , the total scattered light incident , a second anti - reflective coating applied to a second resulting from scattering of 100 °W operation light is 60 surface of the solid medium through which the operation expressed as follows : light exits , and an optical trap or a light absorber arranged 

opposite to the second anti - reflective coating . 
[ 4 ] : A quantum computer according to a second aspect 

100 x 10 - 6 x ( 1 – 10 - ox10 - 2 ) = 6 . 91 * 10 - 12 ( W ) . 65 includes : 
a cavity including a solid medium including a first part 

where physical systems used as qubits are arranged and a 

5 
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second part different from the first part , the cavity having a a thickness in a traveling direction of operation light to 
cavity mode which resonates with the physical systems , the manipulate the physical systems ; 
first part being smaller than the second part in a thickness in irradiating the physical systems with the operation light 
a traveling direction of operation light to manipulate the while the physical systems are coupled to each other by the 

5 cavity mode ; and physical systems ; 
a light source unit which irradiates the physical systems detecting a photon lost from the physical systems or from 

the cavity mode . with the operation light when the physical systems are [ 11 ] : The quantum calculation method set forth in [ 10 ] , coupled to each other by the cavity mode ; and further includes providing a first anti - reflective coating 
a detector which detects a photon lost from the physical 10 applied to a first surface of the solid medium on which the 

systems or from the cavity mode . operation light is incident , a second anti - reflective coating [ 5 ] : The quantum computer set forth in [ 4 ] further applied to a second surface of the solid medium through 
includes a first anti - reflective coating applied to a first which the operation light exits , and an optical trap or a light 
surface of the solid medium on which the operation light is absorber arranged opposite to the second anti - reflective 
incident , a second anti - reflective coating applied to a second 15 coating . 
surface of the solid medium through which the operation [ 12 ] : A quantum calculation method according to a sixth 
light exits , and an optical trap or a light absorber arranged aspect includes : 
opposite to the second anti - reflective coating . providing a cavity including a solid medium including 

[ 6 ] : A quantum computer according to a third aspect physical systems used as qubits , the cavity having a cavity 
includes : 20 mode which resonates with the physical systems , a first 

a cavity including a solid medium including physical anti - reflective coating being applied to a first surface of the 
systems used as qubits , the cavity having a cavity mode solid medium on which operation light to manipulate the 
which resonates with the physical systems , the cavity further physical systems is incident , a second anti - reflective coating 
including a first anti - reflective coating applied to a first applied to a seco applied to a second surface of the solid medium through 
surface of the solid medium on which operation light to ht to 25 which the operation light exits ; 
manipulate the physical systems is incident , a second anti providing an optical trap or a light absorber arranged 
reflective coating applied to a second surface of the solid opposite to the second anti - reflective coating ; 

irradiating the physical systems with the operation light medium through which the operation light exits ; when the physical systems are coupled to each other by the an optical trap or a light absorber arranged opposite to the 20 ca por a light absorber arranged opposite to the 30 cavity mode ; and 
second anti - reflective coating ; detecting a photon lost from the physical systems or from 

a light source unit which irradiates the physical systems the cavity mode . 
with the operation light when the physical systems are While certain embodiments have been described , these 
coupled to each other by the cavity mode ; and a detector embodiments have been presented by way of example only , 
which detects a photon lost from the physical systems or 35 and are not intended to limit the scope of the inventions . 
from the cavity mode . Indeed , the novel embodiments described herein may be 

[ 7 ] : A quantum calculation method according to a fourth embodied in a variety of other forms ; furthermore , various 
aspect includes : omissions , substitutions and changes in the form of the 

providing a cavity including a solid medium including embodiments described herein may be made without depart 
physical systems used as qubits , the cavity having a cavity 40 ing from the spirit of the inventions . The accompanying 
mode which resonates with the physical systems ; claims and their equivalents are intended to cover such 

irradiating the physical systems with operation light hav - forms or modifications as would fall within the scope and 
ing a polarization direction crossing a wavefront of the spirit of the inventions . 
cavity mode when the physical systems are coupled to each What is claimed is : 
other by the cavity mode ; and 45 1 . A cavity with a cavity mode which is coupled to 

detecting a photon lost from the physical systems or from physical systems , the cavity comprising : 
the cavity mode . a spherical mirror provided at a birefringent crystal 

[ 8 ] : In the quantum calculation method set forth in [ 7 ] , the including the physical systems ; and 
solid medium includes a first part where the physical sys - a plane mirror provided at the birefringent crystal and 
tems are arranged and a second part different from the first 50 opposed to the spherical mirror , 
part , the first part being smaller than the second part in a wherein the birefringent crystal has a first refractive index 
thickness in a traveling direction of the operation light . to light polarized in a first direction parallel to a 

[ 9 ] : The quantum calculation method set forth in [ 7 ] or [ 8 ] polarization direction of the cavity mode on an optical 
further includes providing a first anti - reflective coating axis of the cavity and a second refractive index to light 
applied to a first surface of the solid medium on which the 55 polarized in a second direction parallel to the optical 
operation light is incident , a second anti - reflective coating axis , the second refractive index being different from 
applied to a second surface of the solid medium through the first refractive index , and 
which the operation light exits , and an optical trap or a light a following expression is satisfied : 
absorber arranged opposite to the second anti - reflective 11 - < l < l1 + coating . 

[ 10 ] A quantum calculation method according to a fifth where 1 and 11 + satisfy and 
aspect includes : 

providing a cavity including a solid medium including a 
first part where physical systems used as qubits are arranged 

on licht 

and a second part different from the first part , the cavity 65 4 - - 16 + 2x - 3 | - - 202 = 0 
having a cavity mode which resonates with the physical 
systems , the first part being smaller than the second part in 
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and a following expression is satisfied : 

1 : - ( - Bhalu - 
IRO - - 

10 rocation in the cavity 

( 1 ? + lko ) ( 2 + Bl ro ) – 
V ( 12 + lo ) ? ( 2 + Biro ) 2 - 41 rol [ B [ { 2 + PRO ) + Iro ] 

2 [ B ( 12 + Pro ) + lro ] 
in which lr = w run _ la and 1 . = 1RL / A , 

1 is a cavity length of the cavity , ( f + lžo ) ( 2 + Blro ) + 
w is a mode waist radius of the cavity mode , 
L is a total loss per one reciprocation in the cavity , V ( x2 + Pro ) ? ( 2 + Bl ro ) 2 – 4 Rol [ B [ [ 2 + PRO ) + lro ] IR < lro - A is a loss per one reciprocation in the cavity not 2 [ B ( 2 + IRO ) + LRol 
dependent on the cavity length , 

n , is the second refractive index , and 
à is a wavelength of light in the cavity mode . in which 1x = w?rn / ì and B1 / 2L = arctan ( 1 / 1R0 ) - 11R0 / ( 1 , 02 + 12 ) , 
2 . The cavity according to claim 1 , wherein 15 where 1 is a cavity length of the cavity , 

w is a mode waist radius of the cavity mode , 
L is a total loss per one reciprocation in the cavity , 

IA ???? , B is a loss per one reciprocation in the cavity proportional 
La to the cavity length , 

n , is the second refractive index , and 
3 . A cavity with a cavity mode which is coupled to à is a wavelength of light in the cavity mode . 

physical systems , the cavity comprising : 4 . The cavity according to claim 1 , wherein 
a spherical mirror provided at a birefringent crystal 

including the physical systems ; and 
a plane mirror provided at the birefringent crystal and 

opposed to the spherical mirror , 
wherein the birefringent crystal has a first refractive index 

to light polarized in a first direction parallel to a 
polarization direction of the cavity mode on an optical 30 5 . A quantum computer comprising the cavity according 

al 30 to claim 1 . axis of the cavity and a second refractive index to light 
polarized in a second direction parallel to the optical 6 . A quantum computer comprising the cavity according 
axis , the second refractive index being different from 
the first refractive index , and 
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E = arctan ( ) - 
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