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Theoretical Consideration of Gas Lens

Michio Suzuxkl
Yoshinao AOKI

Abstract

In this paper, a theoretical consideration of gas lens is presented and the propaga-
tion of light in a medium with a gradient of refractive index is considered.

The eikonal equation which is the fundamental equation in geometrical optics is
expressed by wave vector K for the convenience of theoretical treatment in the following
manner ;

curl K= 0

The general equations which describe the path of the wave front of light in a
medium with a gradient of refractive index only along the f-axis of the cylindrical co-
ordinate are obtained by solving the above equation. The resulting equations are as
follows ;

(a) in the case where the ¢¥.component of the wave vector K does not exist

(b) in the case where the ¢¥.component of the wave vector exists
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where |K| =%, C,=k%,, C,=k» and C,, C, are constants.

Similarly a case in which the refractive index changes only along the z-axis was
considered and it was indicated that the gradient of refractive index along the z-axis is
an important factor for the convergence of the light beam in the laminar flow-type gas
lens.
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Fig. 1. Laminar flow-type gas lens using temperature gradient.
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Gas lens O & 5 BHE T TORDEHZB DT, &FTE P. K. Tine, J. P. Gordon, J.
R. Whinnery® 23f##7 L T % 208, IEREICHEIARE T B &2 0 HIZ DO TR P2 TS,
ChEOFEEEZ, BIFEOQLHMEEZEDORT, XISHMAEOAHCEET 2 EEH PO
DEFBCOOT, RBERET 52BN ABNTA, XEL1HOME FRE D gas lens (&8
WTEF M DEITEDE(L S,  beam DIRICBBWVICEHEL T 2 H SR L, SBEM
BATIZ B TR, 2B ADEERCIR D PO EEICIBEP T E L THROTV S,

BT RBSFEREROTHNSE, 2595 L BITREME vector DEDHT b xE LT

eikonal equation 2 & DH D KD EFHILW B EEDLN B,

§1L ExFrRN

Y DFEILRT 5 Maxwell FiEHZ, Gauss HERTROX S icFET 5,

1 0eE
curl H — = B Vi 0 (1)
cur1E+—l—agtH' 0 (2)

diveE =0 (3)
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divuH =0 (4)
SR D T n ZIRERL € n EXOMRIZH S
n =y en (5)
T TN DOEY, BEHSHRICIHMEIL TNk EEZ 5 &, Vo hic kD
o vector x e(r), h(r) & LT,
E(r.t)=E,(rje™  E,(r)=e(r)*" (6)
H(r.t)=H,(r)e’™  H,(r)=h(r)e*" (7)

(l)

CENA R S &, B k= - DHEFIC R 20 E L, (6), (7) 0% Maxwell

FREFUACA L TR D215 (Appendix D),

grad® X h+ k,€e =0 (8)
grad¥ X e — &, pth =0 (9)
e-grad? =0 (10)
h-grad¢ =10 (11)
T
grad¢ = K (12)

E BT (12) 3% @)~ :U AT %

(K| — kS ne)e =0

K| =k = ko | 1€ = ko (13)
(10), (11) Wiz & O vector K 3D m iz L H D vector @D BICIEI TH D05, T
WOMEFTH NN TH O, 13K T DR E &M kon TH DO W O FH vector &35
ZHNB, AN Eo TEokfa ds 3hlE, (12)K&ED ¢k D

¢ = S kds (14)

(12) s (e BN T AT TR & 78 % eikonal equation % J % vector THIRL 7T
Ho5, 12) XDOWHD curl &5 &, curl grad =0 (| L T,
curl K = 0 (15)

Lo T, iR ) A CHc L DB oN 5,

§ 2. BREOARNPBEHEROERADOHCHDEERDADIEE

(a) HEL vector D ¢ I MINVEE
B2 B B TIRPTRICT RO 0 J5i D AICEL L, K vector O @S DIFAE L

WWNBEEEA D, TR gas lens [0BWT, & WM H—THAICH D K D2



92 COBRREME - AR A 4

NI SR EA OO IS T B, B vector @ 0,9, = R TNEN ke ke, ke &F

T, ke=0 XY, L, % 0, = Jjii® unit vector & LT,

. K—ik +i.k (16)
mL
K| = k =k 4 A a7)
dets :
” ‘K (16) 4 (15) sUARA L T O R &1 5.
P P ENESS >z
Ok, Ok, 0 (18)
0z o0
9 TANXOMEE, FE PV OLDOMETHS
Fig. 2. Cylindrical co-ordinate o EL T8 kD
Refractive index depends
only on the co-ordinate 0. k. Ok, ok

A S . S [¢))
JE—r o T Y 1

A s BT ED DM (0, 2, k) THUK SN B EMEEZ 5 &, 19X D 1 BED [
TR DR, k=f0,2) BCOUBTIMRIAED SDHLTHY, ZOIHZE B D LT mmItin
ZHOHOL TS, Wi (VIO E D EIR TR E N D GHE D 5) ORI
HOXIICET B,

de dz _ dk,

e = O = 20 (20)
\/<£> _ 1 0

TN TEoofitdhid ds &35 &,

d ., _ dK di,

a5 B8 =g B Ky
T

CfiK =gradk =i, lef (Appdenix II)

di,

ds — 0
£0

d . ‘

21) s &Y P g vector K D =z 47 k. REIKICE > T—EQH TH S EZRL TS, 8T
Rz C &L,

K-i, =k, = const. = C, (22)

2RBYMEAEzEAZ TS, 220K ED 20) KO FEYORI T <RI LT,
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NN B
(23) s EIT R D EJELAS 0 T 1) O AATHEAT T B PR v G, g vector D ¢ RN & D
I T SO ED O DT —MAEL B,
(b) ¥ vector D ¢ KON HBEHE
WL vector K 13,
K=k, +i,k,+i.k, (24)
fHUL
K| =k =+ k" + kR (25)

(24) A& (15) sl A U THIR S IC DT &,

oz " a0 6
1 Ok Ok, o
o ov "oz 0 @)

(25) > Fﬂﬁ%’é’ﬂ{‘_ L T(26)~(28) L&D,

ak k 5/32 kz 0kz e ‘
G e et e =0 29

YR BNTO, 9, 2, k) DAHDEIECRELEIN DMK TEMAEZ R 5 &, COMXIT
HENC B B A =7(0,¢,2) EBDETHEEMPCOUEMICET 2RAMEL>TS, ¢
DR ITCZEE D CHARE D Z XK IT M (0, @, 2) ~OFED, FHil O ZHOTEE I TR
MBBDETHMEESZ T05E, 29XTEHZSNAMHOXEHEMOFBERERD S ERAO
X 51T 5 (Appendix IIT),

do  od¢  dz dk. .
B Sy My S B0
ko ko

L TRDOMI%EEALD &,

d . . dK . d(i.k) ., . d i)
AR =i k)X b} = T i = S 4 (K k) x

@ RNOBFELD,

k) _; dk. di,

ds 7 d.; + ke ds =0

Appendix IT X b,
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dK . dk
P grad b = by

N, KOBBRBERILT 5,
d (i,0)

el %(K- i k) (Appendix IV) (31)
"Zz%‘ {(K —i.k) X §,0} =0 (32)

B2 e T K—L k. =Lk +ik WHELT,
k.0 = const. = C, (33)
(33) ik (22) R & AR ICHIMGHEE 5L T 5, X (33) ROBIFRNEIT RS RER O %
T D HIEA B D IR 2B ERET 5 BRI 29 5 BIR,
7 kg = const. (34)

XIS L T35, {BL & 2355 vector @ 8 5545 (Appendix V). (22), (23) XD BHE L b (30)

ROBYIDO3 2ORTTCBEAEET, kOokHcis,

z = Sp do % = (35)
x/kz__( pz> __Clz
¢= Sp e (36)
4 ,\/k"__< p2 ) __Clz
G
z mg —(—:—z—p (w)d‘/’ <37)
(35), (36), B37) KX HE3IHwwRTLOI
54 HHGRD 0.2 i, 00 T, =0 FEAD
N ) BELHOHLLTED, G0)RiTHIMK
\ ,:' R XS ICREETEY LS5 lMEE R
1]
i /7 LT3,
/ /I TN
4 V4 7 AN ¢ -
r 7/ PN § 3 BEFREOAENEBEEOC—FMAIC
// // // id \\ \Z

HEIEEPOADIRE

. Flow lines of light (path of light)

and a curved surface weaved by
these flow lines

B BOT 2 FAREIHTFROAE
WHELEEEZAD, COBEGHEMEET
EZLDEERNLOTHE2HICBNT 2 #hi%
EHAEEDz#E L, »#ICEEL EAIC
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xh, yihad & s, OEAIE vector i3,

K: l‘zkx“}_ig/kz, +izkz
{HL

K| = k =BT B 7

(38) 307& (15) I RA L T Ic DT &,

Ok Ok _,
Oy 0z

Ok Ok _,
0z ox
ok, _ Ok

0x oy

B9 ~ (U2 XLV KDOXZEHFS,

Oks | ky Oke | k. Oks _
9 TR oy TR 0z 0
(43) K L D Yedisro N,
dx _ dy dz dk,
1k kO
ke ko
LT
d . dK di, .
a5 (K-i,) = s it K- dls“ =gradn-i.=0,
k. = const. = C,
[EEE 3

k, = const. = C,

(45), (46) ¥ EZH L T %,

95

(43)

(45), 46) KXV ) KDOEWD 3 2DRI T /ST,

362—%—'1/-{—(33

2

1
ko Cz_z_
V (&) -(e) -2
z 1
yzg dz\/ b \? C. \¢
() -(g) -1
ABITHEORLD =z FIMICBBARESEELTAHD &,
Sk,
k=kyt+ k=

ngz dz

W vector DK & X EXD L

(50)
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(50) DPARKE (A7)~ (49) ICRA L THIliREE LT C=0 &6 &,

x:%y (51)
e (ko + ke, 2) + Vot ko 2)* — (CF + C)) '
T %Tl“[ kot o ke —(CP 4 C,) ] o2
_ Gy [ kgt ky2) + Alkot by 2f —(C7 4 C, 2)} 53
Yy = k‘, 1[1‘: ]e_}_‘/‘(z (C +C2\ ( >

(51)~(53) XA —A DKM DO THINTAH S L8 4K (@), (b) DX S5, <O
S S PIIE ST, B T IR L THE, 4> 0 THIVEBE D lens Kol &2 L
by <O THALM lens i@ & 235, Lo THFHMO gaslens BT, HHITIMOD

TREE 20 2590 beam O HIZBIGRL T 25035,

Fig. 4-a. Fig. 4-b.
A flow line of light and the projection of it in a medium which has the
gradient of refracive index only along z-axis.

H & B F

Gas lens |22 &, gaslens 27 TIHEH P OO LIEOMEHIELE 2 U 7o, P 03k

FHEAThH % eikonal equation F % vector TFHIRL, HITROW AU EEEOET M

o2 FIMICH 3 EEPEEDEET 20k 52— 2B, XhEDEE T
YRR > TERIE I N B vector DA A Mic Uz, #BoN BRI DERED gas

lens (2 BT, HWHHOBITROLGNE S, o beam DPEIC BB VICEE NS 5 FHx R
L,

8B BRI IZ R 5 2 OBl 2 59 5 85, SO EE % )3 model 10kt & & T#H
A BEMSH, BEMAESEEE D, T OME beam OYE, BoOMmE, BEICHE (LIZE
42) BHBBAZEOEBERUOBLEIZDT D 0,
#HOOHW

Gas lens O FEL, HEEROBEMICH 7 D MEEO 2720, ISFRBLENT vt W BEE
W staff O 4, NIEHHETLH¥R O laser PIJE group O 2 ICHKEH L 7
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RIFGH: Ry TN E 2 OB, 2 =+

APPENDIX I
(8) ~ (11) 3N Ay
6), (1) Xz (1) ~4) st RAL T,
curl Hy + ik, €E, = 0 (A-1)
curl By — ik, pH, =0 (A-2)
diveE, =0 (A-3)
divuH, =0 (A-4)
HU
k= (A-5)
¢
(A-1) ~ (A~4) 12 (6), (7) RAAXA L T vector OAKEFIHT 5 &,
curl E, = [curle + i(grad @) X e] ¢* (A-6)
curl H, = [curl h + i(grad @) X k] &% (A-7)
div €E, = [€dive + e-grad € + i €e-grad ¢] ¢" (A-8)
div u H, = [udivh + k-grad o+ ¢ b - grad €] ¢ (A-9)
(A-1) ~ (A-4) Kz (A-6) ~ (A-9) REKAL T,
(grad ®) x b+ k,€e —icurlh =0 (A-10)
(grad®) x e — kypuuh —icurle = 0 (A-11)
e-grac® — i(dive + e-grad In€)=0 (A-12)
h-grad¥ —i(divh+ h-grad Ing) =0 (A-13)

LSRRI E T B 05 W b WIEH I REVL D& L, (A-10) ~ (A-13) i

BOTHEED B> TOROIRG R 5,

"o

HL P RVEHEONMEELONED S, COHITZIEH & O order DEDHAL TS
EEEONARNEBAXD @) ~AD) K&K D,
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APPENDIX 1II

%‘ — gradk @il
(12) A& D
grad¢ = K o

K @ unit vector % K, -3 % &,

dK d \
e =g (grad¢) = K,-grad (grad ¢)

= —}c—- grad ¢-grad (grad ¢)
1 2
=55 grad [(grad ¢)"]
= "121?{ grad £ = grad % (A-15)

APPENDIX III

{30) DI RO RN D E

(29) =Lk b
Ok, | 1 k, Ok . k. Ok _
o o & e TR 02 0 (A-16)

0,9, 2, k) D AMHOEERE TR INDMRICEBRICEBY 5 R OBD 53 (hiE k=

k. 0k, k. 4, _
dp+ D2 dz + 50 de — dk, =0 (A-17)
AEA-DMICENT b=F0,92) EOEHhOTRNWIE PO, L% 2, k) & P (o+do,

h, (¢ +d¥), z+dz, hfk. +dE)) ((HL Ay, h, & metrical coefficient) % & 3 & EFH#RIC - 72
vector dS I35 Z 51,

dS =[dp, h,d¢,dz, h,dk.) (A-18)

(f8.L bracket PNIZ vector D4 A REIZ 12 & T vector ERE T B)
LR D vector HEZ B,

B [ak 1 0k Ok 1]

%, h o0, bz, (A-19)

NG (G S () ()
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THREE PDIMENTIONAL SPACE
e % zZ )

Fig. A-1. Four dimentional space consisted
of four co-ordinate {p, », 2, ks) k=1 (0, ¢, 2)
express a curved surface weaved by the
flow line of light and #4 is a normal vector
of the surface. Projection of a flow line
of light in the three dimentional space
makes a curved surface which is shown
in Fig. 3.

T T (A-18),(A-19) KD scalar F5%& & 5 &

n-dS=-

1 <(9/ez
N\ 30

=0 (A-20)

HL (A-20)
Mz,

(A-20) L& D nig i k=1 (0, ¢, 2) 10

BIHE, D% Y normal FHijcm & i s

unit vector THLHEMNH N5

BT (A-17) XoBEr

BTCTAHERKD L D1 vector 237 5,
_ S ke ke ] 5
F—{l,p 5 10| (a-21)

(A-17) & (A-21) @ scalar A & - TH
5L,

k. Ok,

n-F =’N‘<‘“a77+73‘“ F 00 Tk '5;“’)

ML (A-22) BTl

dS /| F

(A-23) KEWOWK 2O THENTAHD L,

do _edy _ dx _ dk

T T Tk T k. 0

ko ke

(A-24) XN HBOFENTH D,

1 (A-16) X oOBEHF
(A-20) & (A-22) Wik b vector F' & vector dS (332

(A-22)

MW,
ThiHENbh5,
(A-23)

(A-24)

APPENDIX 1V

(31) Ko

#(A-2) /&b vectorr & vector i,0 I,z & DOEFHRIIE

r=1=i10-+1iz
B i

dr:cls—llég

(A-25)

|z %> #2 unit vector % —!Lg THOHHT &,

(A—26}



100 ERAGEME - BN HTE

Fig. A-2. # is position vector and there

following relation, # =¥ 4.z

is

Fig. A-3. Spherical co-ordinate. Refractive
index depends only on the co-
ordinate 7.
BL
k= J“k'rz + /éoz

(A-29) % (15) sV AL T,
6k0

" o

Ok,

B0 ~

k. d
i, K . k 1 .
(A-28)

APPENDIX V

JEATER DAL S BRIEEER DRETT IS H 5

BUATh DI D,

B (A-3) RO & D T REEE & RiTE
Br OFROKCENT LT D, AHER
AT E D L, B vector DY Ky EE L
BlENHEL 2L,

i, p ZZNFN r, § FAO unit vector
Ry ke % DFFR ORI vector DN 4 & T
5 &,

K :-‘l.,‘ k,,‘ + ip ka (A"29)

(A-30)

(A~31)

T T (A-30) A& (A-31) RcfiAd 5 &,

Ok | ks O
o TR0 R
(A-32) LV RHRMOLEAR,
dr _ df _ dk
R
k.
CLTRDEFET 5,
d dr
*Z?(TX K)ZE“XK‘FrX

ds

(A-32)

(A-33)
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dK . dk
= gradk =i, I
dr
= K,

K, 2 K J5i @ unit vector

d

“L—Z.;’(r X K) =0
rk sin ¢ = rk, = const. = C, (A-34)
(A-34) Ao (33) Rk L T s,

(A-34) XOBHEL D (A-33) KOEWOREB I CHDHRET,

o0=\"ar 2 —{"ar— (A-35)

rk. , \/<_/¢L>2_ 1

1
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