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� áá¬®âà¥­ ¯à®¬¥¦ãâ®ç­ë© à¥¦¨¬ ¤¨äà ªæ¨¨ á¢¥â  ­  ã«ìâà §¢ãª¥

¢ ®¤­®®á­®¬ £¨à®âà®¯­®¬ ªà¨áâ ««¥ ¯ à â¥««ãà¨â . �à¨¢¥¤¥­  á¨áâ¥¬ 
ãà ¢­¥­¨© á¢ï§ ­­ëå ¢®«­, ¯®§¢®«ïîé ï à ááç¨â âì ¯®«ïà¨§ æ¨®­­ë¥

¨ í­¥à£¥â¨ç¥áª¨¥ å à ªâ¥à¨áâ¨ª¨ ¤¨äà £¨à®¢ ­­®£® á¢¥â  ¤«ï à ¬ ­-
­ â®¢áª®£®, ¯à®¬¥¦ãâ®ç­®£® ¨ ¡àí££®¢áª®£® à¥¦¨¬®¢  ªãáâ®®¯â¨ç¥áª®£®
¢§ ¨¬®¤¥©áâ¢¨ï. �§ãç¥­  ¤¨äà ªæ¨ï á¢¥â , à á¯à®áâà ­ïîé¥£®áï ¯®¤

¬ «ë¬¨ ã£« ¬¨ ª ®¯â¨ç¥áª®© ®á¨ ªà¨áâ ««  ­  ¬¥¤«¥­­®© á¤¢¨£®¢®©

ã«ìâà §¢ãª®¢®© ¢®«­¥, à á¯à®áâà ­ïîé¥©áï ¢¤®«ì ªà¨áâ ««®£à ä¨ç¥-
áª®© ®á¨ [110]. �áá«¥¤®¢ ­ë  ¬¯«¨âã¤­®-ç áâ®â­ë¥ å à ªâ¥à¨áâ¨ª¨

¬®¤ã«ïâ®à -¤¥ä«¥ªâ®à  ®¯â¨ç¥áª®£® ¨§«ãç¥­¨ï. �à¨¢¥¤¥­ë § ¢¨á¨¬®áâ¨

íää¥ªâ¨¢­®áâ¨ ¤¨äà ªæ¨¨ ®â ¨­â¥­á¨¢­®áâ¨ ã«ìâà §¢ãª®¢®© ¢®«­ë ¤«ï

à §«¨ç­ëå §­ ç¥­¨© ¤«¨­ë  ªãáâ®®¯â¨ç¥áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï.

�áá«¥¤®¢ ­¨î  ªãáâ®®¯â¨ç¥áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢ ®¤­®®á­ëå

£¨à®âà®¯­ëå ªà¨áâ «« å ¯®á¢ïé¥­ë à ¡®âë [1–5]. � [2] ¯®ª § -
­®, çâ® ¯ à â¥««ãà¨â ï¢«ï¥âáï ®¤­¨¬ ¨§ ­ ¨¡®«¥¥ ¯¥àá¯¥ªâ¨¢­ëå

ªà¨áâ ««®¢ ¤«ï á®§¤ ­¨ï  ªãáâ®®¯â¨ç¥áª¨å ãáâà®©áâ¢ ®¡à ¡®âª¨

¨­ä®à¬ æ¨¨ (¬®¤ã«ïâ®à®¢, ¤¥ä«¥ªâ®à®¢, ä¨«ìâà®¢, ¯à®æ¥á®à®¢ ¨
â. ¤.). �à¨ íâ®¬ ¯à¥¤«®¦¥­® ¨á¯®«ì§®¢ âì  ªãáâ®®¯â¨ç¥áªãî ¤¨-
äà ªæ¨î á¢¥â , à á¯à®áâà ­ïîé¥£®áï ¯®¤ ¬ «ë¬ ã£«®¬ ª ®¯â¨-
ç¥áª®© ®á¨ ªà¨áâ «« , ­  ¬¥¤«¥­­®© á¤¢¨£®¢®© ã«ìâà §¢ãª®¢®©

¢®«­¥, à á¯à®áâà ­ïîé¥©áï ¢¤®«ì ªà¨áâ ««®£à ä¨ç¥áª®© ®á¨ [110].
� [5] ¨§ãç¥­  ¢ëá®ª®íää¥ªâ¨¢­ ï ¬®¤ã«ïæ¨ï ¬­®£®ª®¬¯®­¥­â­®£®

« §¥à­®£® ¨§«ãç¥­¨ï á ¯à®¨§¢®«ì­®© ¯®«ïà¨§ æ¨¥© á¢¥â , ã¯à -
¢«ï¥¬ ï  ªãáâ¨ç¥áª®© ¢®«­®©. � à ¡®â å [6,7] ¨áá«¥¤®¢ ­®  ªãáâ®-
®¯â¨ç¥áª®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ ¢ à ¬ ­­ â®¢áª®¬, ¯à®¬¥¦ãâ®ç­®¬ ¨

¡àí££®¢áª®¬ à¥¦¨¬ å ¤¨äà ªæ¨¨ ¤«ï ­¥£¨à®âà®¯­®£® ¤¨í«¥ªâà¨ª .
�®ª § ­®, çâ® ­  ¯à ªâ¨ª¥ ¡àí££®¢áª¨© à¥¦¨¬ ¤¨äà ªæ¨¨ ¢ ç¨áâ®¬
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¢¨¤¥ ­¥ ­ ¡«î¤ ¥âáï. �¡ëç­® ¨¬¥¥â ¬¥áâ® ¯à®¬¥¦ãâ®ç­ë© à¥¦¨¬
¢§ ¨¬®¤¥©áâ¢¨ï, ¤«ï ª®â®à®£® å à ªâ¥à­ë ã£«®¢ ï á¥«¥ªâ¨¢­®áâì ¨

­ «¨ç¨¥ ­¥áª®«ìª¨å ¤¨äà ªæ¨®­­ëå ¬ ªá¨¬ã¬®¢.

� ­ áâ®ïé¥© à ¡®â¥ á ¨á¯®«ì§®¢ ­¨¥¬ ¬ â¥à¨ «ì­ëå ãà ¢­¥­¨©

¤«ï £¨à®âà®¯­®£® ¤¨í«¥ªâà¨ª  [8,9] ¨ ¬¥â®¤  ¬¥¤«¥­­® ¬¥­ïîé¨å-
áï  ¬¯«¨âã¤ à áá¬®âà¥­ ¯à®¬¥¦ãâ®ç­ë© à¥¦¨¬  ªãáâ®®¯â¨ç¥áª®©

¤¨äà ªæ¨¨, ¡«¨§ª¨© ª ¡àí££®¢áª®¬ã ¢ ®¤­®®á­®¬ £¨à®âà®¯­®¬ ªà¨-
áâ ««¥ ¯ à â¥««ãà¨â .

�à¨ à á¯à®áâà ­¥­¨¨ á¢¥â  ¢¡«¨§¨ ®¯â¨ç¥áª®© ®á¨  ­¨§®âà®¯-
­®£® ªà¨áâ ««  à¥¦¨¬  ªãáâ®®¯â¨ç¥áª®© ¤¨äà ªæ¨¨ ®¯à¥¤¥«ï¥âáï

¢®«­®¢ë¬ ¯ à ¬¥âà®¬ �«¥©­ –�ãª  Q = f2
0λ0l/nv

2, £¤¥ n —
¯®ª § â¥«ì ¯à¥«®¬«¥­¨ï ¢ ­ ¯à ¢«¥­¨¨ à á¯à®áâà ­¥­¨ï ¯ ¤ îé¥©

á¢¥â®¢®© ¢®«­ë, λ0 — ¤«¨­  á¢¥â®¢®© ¢®«­ë ¢ ¢ ªãã¬¥, f0(v) —
ç áâ®â  (ä §®¢ ï áª®à®áâì) ã«ìâà §¢ãª®¢®© ¢®«­ë, l — ¤«¨­ 

®¡« áâ¨  ªãáâ®®¯â¨ç¥áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï [6]. �àí££®¢áª¨© à¥¦¨¬
¤¨äà ªæ¨¨ ­ ¡«î¤ ¥âáï ¯à¨ Q→∞, à ¬ ­­ â®¢áª¨© — ¯à¨ Q→ 0
[7]. �«ï á¢¥â®¢®© ¢®«­ë, ¯ ¤ îé¥© ¯®¤ ã£«®¬ �àí££ ϕ� ≈ λ0f0/2nv,
¨ ­¥ á«¨èª®¬ ¢ëá®ª¨å ãà®¢­ïå ¢ ã«ìâà §¢ãª®¢®© ¬®é­®áâ¨ ¬®¦­®

®£à ­¨ç¨âìáï ç¥âëàì¬ï ¤¨äà ªæ¨®­­ë¬¨ ¯®àï¤ª ¬¨ (¢¬¥áâ® ¤¢ãå
¤«ï ¡àí££®¢áª®£® à¥¦¨¬  ¤¨äà ªæ¨¨) [6].

�¨áâ¥¬ã ª®®à¤¨ ­â XY Z ¢ë¡¥à¥¬ â ª, çâ® ¢ ­ ¯à ¢«¥­¨¨ ®á¨

OX ¢®§¡ã¦¤ ¥âáï ã«ìà §¢ãª®¢ ï ¢®«­ ,   ¯®¤ ã£«®¬ ϕ� ª ®¯â¨-
ç¥áª®© ®á¨ OZ ¯ ¤ ¥â ¯«®áª ï á¢¥â®¢ ï ¢®«­ . �«ìâà §¢ãª®¢ ï
¢®«­ , § ­¨¬ îé ï ¯à®áâà ­áâ¢® ¬¥¦¤ã ¯«®áª®áâï¬¨ z = 0 ¨

z = l, á®§¤ ¥â ¯¥à¨®¤¨ç¥áª®¥ ¢ ¯à®áâà ­áâ¢¥ ¨ ¢à¥¬¥­¨ ¨§¬¥­¥­¨¥

â¥­§®à  ¤¨í«¥ªâà¨ç¥áª®© ¯à®­¨æ ¥¬®áâ¨ ∆ˆεij , ª®â®à®¥ á¢ï§ ­® á

ã¯àã£¨¬¨ ¤¥ä®à¬ æ¨ï¬¨ Ûik = (1/2)(∇kUi+∇iUk) ¨ ä®â®ã¯àã£¨¬¨
¯®áâ®ï­­ë¬¨ P̂ijkl á®®â­®è¥­¨ï¬¨: ∆ˆεij = −ε̂ilε̂jkP̂lkmnÛmn, £¤¥ ε̂ —
â¥­§®à ¤¨í«¥ªâà¨ç¥áª®© ¯à®­¨æ ¥¬®áâ¨ ­¥¢®§¬ãé¥­­®£® ªà¨áâ «« .

�§ ãà ¢­¥­¨© � ªá¢¥««  ¨ ¬ â¥à¨ «ì­ëå ãà ¢¥­¨© [8,9] £¨à®-
âà®¯­®£® ¤¨í«¥ªâà¨ª  á«¥¤ã¥â ¢®«­®¢®¥ ãà ¢­¥­¨¥ ¤«ï ­ ¯àï¦¥­-
­®áâ¨ á¢¥â®¢®£® ¯®«ï ¢ ®¡« áâ¨, § ­ïâ®© ã«ìâà §¢ãª®¬, ¯à¨¢¥¤¥­­®¥
¢ [4,10].

� ¨á¯®«ì§®¢ ­¨¥¬ à¥§ã«ìâ â®¢ à ¡®â [4,10] ¯®«ãç ¥¬ á¨áâ¥¬ã

ãà ¢­¥­¨© á¢ï§ ­­ëå ¢®«­ ¤«ï ª®¬¯«¥ªá­ëå  ¬¯«¨âã¤, ¯®«ïà¨-
§®¢ ­­ëå ¢ ¯«®áª®áâ¨ ¤¨äà ªæ¨¨ (Am) ¨ ®àâ®£®­ «ì­® ¯«®áª®áâ¨
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¤¨äà ªæ¨¨ (Bm) ¢¨¤ :

dAm

dz
= i∆an

ma · Am + ρm ·Bm + iχa,am,m+1Am+1 exp(−iδmz)

+ iχa,bm,m+1Bm+1 exp(−iδmz) + iχa,am,m−1Am−1 exp(iδm−1z)

+ iχa,bm,m−1Bm−1 exp(iδm−1z), (1)

dBm

dz
= i∆an

mb ·Bm − ρm ·Am + iχb,am,m+1 ·Am+1 exp(−iδmz)

+ iχb,bm,m−1Bm+1 exp(−iδmz) + iχb,am,m−1Am−1 exp(iδm−1z)

+ iχb,bm,m−1Bm−1 exp(iδm−1z).

�¤¥áì ¢¢¥¤¥­ë ®¡®§­ ç¥­¨ï:

∆an
ma,b = qm [em,2 (ε̂− ε) em,2] , ρm = (Gmkm)/|km|,

χa,bm,m+1 = qm+1(em∆ˆεe2), χa,am,m+1 = qm+1(em∆ˆεem±1),

χb,bm,m−1 = qm−1(e2∆ˆεe2), χa,am,m−1 = qm−1(em∆ˆε∗em−1),

χa,bm,m−1 = qm−1

(
em∆ˆε∗e2

)
, χb,am,m+1 = qm+1(e2∆ˆε∗em+1),

χb,am,m−1 = qm−1(e2∆ˆε∗em−1), χb,bm,m+1 = qm+1(e2∆ˆεe2),

£¤¥ km — ¢®«­®¢®© ¢¥ªâ®à ¤¨äà £¨à®¢ ­­®© ¢®«­ë m-£® (m = 0,
±1±2, . . . ) ¯®àï¤ª ,Gm — ¢¥ªâ®à £¨à æ¨¨ [11], qm = ωm/2e

√
ε cosϕm

(ωm — ç áâ®â  ¤¨äà £¨à®¢ ­­®© ¢®«­ë, ϕm — ã£®« ¤¨äà ª-
æ¨¨, ε̄ = (1/3)Spε̂), δm = |kmz − km+1,z| — ®âáâà®©ª  ä §®¢®£®

á¨­åà®­¨§¬ . �¥è¥­¨¥ á¨áâ¥¬ë ãà ¢­¥­¨© (1) á«¥¤ã¥â ¨áª âì á

¨á¯®«ì§®¢ ­¨¥¬ £à ­¨ç­ëå ãá«®¢¨©: A0(0) = A‖, B0(0) = A⊥,
Am(0) = Bm(0) ¤«ï m 6= 0, £¤¥ A⊥(A‖) —  ¯«¨âã¤  ¯ ¤ îé¥©

á¢¥â®¢®© ¢®«­ë s- (p-) ¯®«ïà¨§ æ¨¨. �â­®á¨â¥«ì­ ï ¨­â¥­á¨¢­®áâì
ηm ¤ ¥âáï á®®â­®è¥­¨¥¬: ηm =

(
|Am|2 + |Bm|2

)
/
(
|A‖|

2) + |A⊥|2
)
.

�¨á«¥­­®¥ ¨áá«¥¤®¢ ­¨¥ á¨áâ¥¬ë ãà ¢­¥­¨© (1) ¤«ï ç¥âëà¥å ¤¨-
äà ªæ¨®­­ëå ¯®àï¤ª®¢ ¯à®¢®¤¨«®áì ¤«ï á«ãç ï ¤¨äà ªæ¨¨ ®¯â¨-
ç¥áª®£® ¨§ã«ç¥­¨ï á ¤«¨­ ¬¨ ¢®«­ λ0 = 0.4416, λ0 = 0.6328¬ª¬,
λ0 = 1.06¬ª¬ ­  á¤¢¨£®¢®© ã«ìâà §¢ãª®¢®© ¢®«­¥, à á¯à®áâà ­ï-
îé¥©áï ¢¤®«ì ªà¨áâ ««®£à ä¨ç¥áª®© ®á¨ [110] ¨ ¯®«ïà¨§®¢ ­­®©
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�¨á. 1. � ¢¨á¨¬®áâì ®â­®á¨â¥«ì­®© ¨­â¥­á¨¢­®áâ¨ ¤¨äà £¨à®¢ ­­®£®

á¢¥â  η+1 ®â ®âáâà®©ª¨ ç áâ®âë ã«ìâà §¢ãª  ∆f ®â ¡àí££®¢áª®© ¤«ï

à §«¨ç­ëå §­ ç¥­¨© ¨­â¥­á¨¢­®áâ¨ ã«ìâà §¢ãª®¢®© ¢®«­ë Ia: 1 —
0.15�â/á¬2, 2 — 0.25 �â/á¬2, 3 — 0.35�â/á¬2, 4 — 0.5�â/á¬2 (l = 1.2 á¬,
A‖ = 1, A⊥ = 0).

¢¤®«ì ®á¨ [1̄10] ªà¨áâ ««  ¯ à â¥««ãà¨â . � §¬¥àë  ªãáâ®®¯â¨-
ç¥áª®© ïç¥©ª¨ á®®â¢¥âáâ¢®¢ «¨ ¢¥«¨ç¨­ ¬, ¯à¨¢¥¤¥­­ë¬ ¢ à -
¡®â¥ [2]; ¯ à ¬¥âà ã¤¥«ì­®£® ¢à é¥­¨ï TeO2 ρ = 20 £à ¤/¬¬
(λ0 = 1.06)¬ª¬ [11].

� ¨á¯®«ì§®¢ ­¨¥¬ ¢ëà ¦¥­¨ï δ0 = πλ0f0∆f/nv2 (∆f — ®â-
áâà®©ª  ç áâ®âë ã«ìâà §¢ãª  ®â ¡àí££®¢áª®© ç áâ®âë f0) [6] ¨áá«¥-
¤®¢ ­ë  ¬¯«¨âã¤­®-ç áâ®â­ë¥ å à ªâ¥à¨áâ¨ª¨ (���)  ªãáâ®®¯â¨-
ç¥áª®£® ¬®¤ã«ïâ®à -¤¥ä«¥ªâ®à  á¢¥â®¢®© ¢®«­ë á ¤«¨­®© ¢®«­ë

(λ0 = 1.06¬ª¬). �  à¨á. 1 ¯à¥¤áâ ¢«¥­  § ¢¨á¨¬®áâì η+1 ®â ¯ à -
¬¥âà  ®âáà®©ª¨ ∆f ¤«ï à §«¨ç­ëå ¨­â¥­á¨¢­®áâ¥© ã«ìâà §¢ãª®¢ëå
¢®«­ Ia. �¥­âà «ì­ ï ç áâ®â  ¨áâ®ç­¨ª  ã«ìâà §¢ãª®¢®© ¢®«­ë
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�¨á. 2. � ¢¨á¨¬®áâì ®â­®á¨â¥«ì­®© ¨­â¥­á¨¢­®áâ¨ η+1 ®â ¨­â¥­á¨¢­®-
áâ¨ ã«ìâà §¢ãª®¢®®© ¢®«­ë Ia ¤«ï à §«¨ç­ëå ¤«¨­  ªãáâ®®¯â¨ç¥áª®£®

¢§ ¨¬®¤¥©áâ¢¨ï l: 1 — 1.15 á¬, 2 — 1.2 á¬, 3 — 1.4 á¬, 4 — 1.6 á¬
(Ia = 0.25�â/á¬2, A‖ = 1, A⊥ = 0, ∆f = −8��æ).

f0 = 28��æ. �§ à¨áã­ª  á«¥¤ã¥â, çâ® à¥§ã«ìâ âë ç¨á«¥­­ëå

à áç¥â®¢ (ªà¨¢ ï 3) å®à®è® á®£« áãîâáï á íªá¯¥à¨¬¥­â «ì­ë¬¨ à¥-
§ã«ìâ â ¬¨, ¯à¨¢¥¤¥­­ë¬¨ ¢ [2]. �à¨ íâ®¬ ¨¬¥îâ ¬¥áâ® á«¥¤ãîé¨¥

®á®¡¥­­®áâ¨  ªãáâ®®¯â¨ç¥áª®© ¤¨äà ªæ¨¨: ¢ æ¥­âà¥ ��� ¤¨äà ª-
æ¨®­­ ï íää¥ªâ¨¢­®áâì ­¥§­ ç¨â¥«ì­ , ¯à ¢ë¥ ¨ «¥¢ë¥ ãç áâª¨

��� ­¥á¨¬¬¥âà¨ç­ë, ¬ ªá¨¬ã¬ë η+1 ¤®áâ¨£ îâáï ­  ç áâ®â å

f , ®â«¨ç­ëå ®â æ¥­âà «ì­®© ç áâ®âë f0. �  à¨á. 2 ¯à¨¢¥¤¥­ 

§ ¢¨á¨¬®áâì ®â­®á¨â¥«ì­®© ¨­â¥­á¨¢­®áâ¨ η+1 ®â ¨­â¥­á¨¢­®áâ¨

ã«ìâà §¢ãª®¢®© ¢®«­ë Ia ¤«ï à §«¨ç­ëå ¤«¨­  ªãáâ®®¯â¨ç¥áª®£®

¢§ ¨¬®¤¥©áâ¢¨ï l. �§ à¨á. 1,2 á«¥¤ã¥â, çâ® ¡àí££®¢áª¨© à¥¦¨¬

¤¨äà ªæ¨¨ ¢®§¬®¦¥­ «¨èì ¯à¨ ®¯â¨¬ «ì­®¬ ¢ë¡®à¥ ¤«¨­ë ¢§ -
¨¬®¤¥©áâ¢¨ï, ¨­â¥­á¨¢­®câ¨ ã«ìâà §¢ãª  ¨ ¯ à ¬¥âà  ç áâ®â­®©
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®âáâ®©ª¨. �«ï á¢¥â®¢ëå ¢®«­ ¢¨¤¨¬®£® (λ0 = 0.6328¬ª¬) ¨ ã«ì-
âà ä¨®«¥â®¢®£® (λ0 = 0.4416¬ª¬) ¤¨ ¯ §®­®¢ á¯¥ªâà  § ¢¨á¨¬®áâ¨
η+1 ®â ∆f ¨ Ia  ­ «®£¨ç­ë ¯à¨¢¥¤¥­­ë¬ ­  à¨á. 1,2.
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