ENEE 408E Design Problems #5 Solutions

1

)  Ry=10"1 Ry=-10""

radii of curvature

3

d:=2010 - thickness

.= 1.713 ref. index

The ray transfer matrix for the thick lens is:
1 0 1 0

A B 1 d
CDzzn—-ln-Ol-l~n_1_
Ry nR; n
A B 091675 0.01168
C D) \~13.66646 0.91675

AB .
|( )l =1 Check on determinant

CD

-1

S = 0.07317 focal length

(@) 3 9

wp = 510 Ag = 48810

2
T-W(
ro

Gin 1= 1-

Aqip +B

Gout -~ C-qin + D

Gout = —0.06708 + 3.32673ix 10~ >
New beamwaist is 67mm to right of output plane

Ao-Im{qou
Wnew = """“1‘;—‘

Woew = 227323 x 107 °

new spotsize is 2.273um



(b)

Include the additional 1m in the ray transfer matrix

wo:= 0,110 > Ao = 1550-107°
mewg
din'= -
A-gip+ B
Gout *= m

Qout = ~0.07282 + 1.24627i x 10~ *

New beamwaist is 72.82mm to right of output plane

Lo Im{qout
Wnew -~ ““““";_

Woew = 7.84147 x 107

new spotsize is 78.41um



Problem 3 (a)

Thick Lens
RDY THI RMD GLA CCY THC GLC
OBJ: INFINITY 0.010000 100 100
STO: 100.00000  20.000000 LAKS8 SCHOTT 100 100
> 2:  -100.00000 66.221900 100 100
IMG: INFINITY 0.000000 100 100
SPECIFICATION DATA
EPD  20.00000
DIM MM
WL 488.00
REF 1
WTW 1

XAN 0.00000
YAN 0.00000
WTF 1.00000
vuy 0.00000
VLY 0.00000

REFRACTIVE INDICES
GLASS CODE 488.00
LAKS8 SCHOTT 1.721995

Note that n is not exactly 1.73 since 488nm is not the reference wavelength
No solves defined in system

No pickups defined in system

INFINITE CONJUGATES

EFL 72.2832
BFL 66.2219

FFL  -66.2219
FNO 3.6142
AT USED CONJUGATES

RED -1.0917
FNO -0.5458
OBJDIS 0.0100
TT 86.2319
IMG DIS  66.2219
OAL 20.0000
PARAXIAL IMAGE
HT 0.0000



ANG 0.0000
ENTRANCE PUPIL
DIA  20.0000
THI 0.0000
EXIT PUPIL
DIA  21.7759
THI -12.8963

CODE V Output

WRX 0.1

WRY 0.1

RCX 10000000000000
RCY 10000000000000
GO

To see formatting of this output run Code V
GAUSSIAN BEAM PROPAGATION
Thick Lens POSITION 1

WAVELENGTH = 1550.0 NM DIMENSIONS = MILLIMETERS
FIELD POSITION = ( 0.00, 0.00)

BEAM WAVEFRONT RADIUS PHASE  WAIST RADIUS
PROPAGATION BEAM RADIUS ORIENTATION OF CURVATURE
ORIENTATION BEFORE DISTANCE FROM
DISTANCE TO ON SURFACE (DEGREES) BEFORE REFRACTION
(DEGREES) REFRACTION  WAIST TO SURFACE
SUR NEXT SURFACE X Y X Y X Y X Y

OBJ 1000.0000 0.1000 0.1000 0.0 INF INF 00 01000 0.1000 -
0.0000 -0.0000

1 20.0000 4.9348 4.9348 0.0 -1000.4108-1000.4108 0.0  0.1000 0.1000
1000.0000 1000.0000

2 756862 4.5908 4.5908 0.0 266.8814 266.8814 0.0 0.0170 0.0170 -
266.8778 -266.8778

MG 0.0081 0.0081 0.0 -848.6113-848.6113 0.0 0.0081
0.00810.21192e-40.21192¢-4

Note new beamwaist minimum spotsize is 81 micrometers. Distance to beam waist is
75.682 mm.



(3)

9 Wavelength

i

20 := 78010
n0:=1.5 reasonable value

GRIN lens needs to be about 3 mm in diameter so as to not truncate the output beam

nr:= 1.499178 test value for index at edge of GRIN lens, keep adjusting until
final answer is what you want.

nr=nO—-O.5-r12-r2

(or - 1.+ n0)

2. 2 Symbolic solution for n2
T
D= 2. - (nr — 1.-110)2
(15.1073)

n2 = 730.667 n2 value for GRIN lens
d:=10-10 2 Test length of medium
w0l:= 15-107° input beamwaist
w02 := 0.5-10" 3 desired output beamwaist

Setup ray transfer matrix

A

i
O
o]
w
TN
::s‘::
S
[=%
N’

o]

i
B

P

=
218
Nl

2
. j-m-w01"-n0
gin =
A0
A.qin+B
qout = -
C-qn+D

Choose A=D=0



n2
GOS( el d) =0
n0 Symbolic solution for d

2
A= cosUE—-d)
n0 A=0
B:= ’—I-lg-sin( Ed}
n2 no B = 0.045

C:=- ——2—~sin( Ezd)
n0 no C = -22.071
n2
= — . d
D cos( ’ s D=0
i-m- wOl2 -nd
gin ;= ————"
AD
A-gin+B
gout 1= —————""—
C-gin+D
out = 1.51i note that gout is pure imaginary so the beamwaist is
qout= " on the output face
i-7- w()22 -n0
gout = """
AD
A0 - t
wozi= |2
i-n-n0
w02 =5x 10 4 Final beam diameter is what is required
@’) ¥0:= 10107
A0 = 8801070
nod:= 1.5
n2:= 0.03



- w02 00 Beam parameter just inside GRIN lens

AQ

gin :=

Setup ray transfer matrix for GRIN medium

A= cos(’*rg- . dj
n

a:=1
b:=0
ci=0
d:=n0

Ray transfer matrix for uniform length of 1m

Al:=1
Bl:=1
Cl:=10
Dl:=1

Overall ray transfer matrix

a]bl‘ Al Bl ab A B
1 di) \ctpi)\ed) \CD

al - gin + bl
gout ;= —————""
cl-gin + dl

qout = -31.823 + 3.106i

o 0031-3.030ix107°

qout



Remember that 1 A0

gout

" |-
[

wT-W

.
1
Re(————}
qout

R = -32.126 Radius of curvature

R:=

A0
W imR e
1
- Imf —
qout
w=19218x 10 3 Spot size

-
(5’) Rl:=15 R2:= 3 di=1 20 = 488 - 107
w0 2 1 is distance of beamwaist from R1
R1=tl-|1+|mn-wl.——t
(r0 - 1)

Mathcad symbolic calculation of two
possible vaiues for t1

2 3
-(—m-m +AO-JR12~MJ IR

- 2
! -(»R]-?»02~?L0-\/R12‘l02-—4-7t ',""04)

(2 : xoz)

- 2 2 2
tll=————-—l~—;-(—R1'X0 +xo-&12-m ~4.7 ~w04)
(z-m)

3 3
{2 = -(—Rl-mz—m-\fmz-m 4wt

-

R2=12.[1+[ﬂ.w0._\}r.9._.

2 12 is distance of beamwaist from R2
(- 12)}



d

Symbolic Mathcad evaluation of two
possible values for {2

-1

-1

(z : xoz)

21 = -————-——(2 . mz)

2 2 2
-(—Rz-m +xo.JR22-xo —4.m 'w04)

.(.Rz.xoz—xo-\/Rzz-x02~4-n2-w04)

2 3
-(-Rz-xo +20-YR22- 20 4wt

(2 - xoz)

d=tl1 +t21

.(-Rz-xoz~xo-JR22-xoz—4.n2-wo4)

022 =

Symbolic substitution

d=t11—-(-—L——-(—Rz-xonrAO-JRzz-xoz—zt-nz-wo“)

2-xo)

-1

1

2
-(~R1-x02+xo-\[mz-m —4-n2-wo4)--(-———-2-

2.%07)

2
-(-Rz-xo +7\.O-\IR22*)\.02-4'112'W04)

Calculate w0 symbolicaily. There are 4 possible solutions.

_ N -
2 2 3 2 2 2 AT
o (Re?.d-R2>-R1+d’+3.d-RI.-R2-RI°-R2-2-d"-R1-2:d R24+d-R1Y)
2 2
[(2~d—-R1—-R2) -n]
1
2 2 3 2 2 2 AT
ot (Ro?.d-R2? R1+d’+3-d-RI.R2-RI-R2-2-d"-RI-2:d R24+d.R1)
l- — . .
2
[(Z-d—Rl—RZ)z'n]
1
2 2 3 2 2 2 AT
2o? (Ro?.d-R2® R1+d+3-d-RI-R2-RI"-R2-2-d Rl-2.4%.R2+d-R1Y
2
[(2-d-R1~R2)2-n]
1
2 2 3 2 2 2 AT
e (Ro%.d-Ro® Ri+d+3-d-RI.-R2-RI°-R2-2-d" -R1-2-d 2+ d-r1Y
—1. — . -
2
i [(Z-d—RI—Rz)z-n]



1
2 2 3 2 2 2 2 4
} 2024 (RZ .d-R2°-Rl1+d +3.d-R1-R2-R1"-R2-2-d"-R1-2-d -R2+d-R1)
l. — . .

2 (Rzz-d-R?,Z

RI+d+3.d.RI-R2-R1Z-R2-2-d% RI-2 -d® R2+d-R1) | -
w0 = | -30%-d-

[(2vd-—R1——R2)2-1t2]

w0 =3.400% 107 %

-1 2
t]1:=-———-—£—-(-—R1-7»0 +7»0-\/R12-7\,02-4-1'c2-w04)
(2. 20)

til1 =0.7

- 2
21 ;=.--1———-(—R2.m +X0~\/R22-Zk02—4-1t2-w04)
(2-7«))

121 =02

This is not a satisfactory solution. Try another combination
d=1t12 + 22

- 2
d=——-—1——-—-<-R1-m —KO-JRIZ-X02~4-1t2-w04)+t22
(2.x0)

~1

=———-————-(-RI-XOZ—M-\/Rlz-koz—cl-nz-wod')-——-——1~——-—-(~R2~lOz—kO-\/RZZ-kOZ—4-n2-w04)
(2207 (2 20)

N
2 2 3 2 2 2 2 4
7&02 d (R2~d—R2-Rl+d +3.d-R1-R2~-RI"-R2-2-d"-R1-2-d -R2+d-R1)

[(.’2-d—R1-R2)2~7t2]

2

[(2-d—R1-R2)2~n2]

1
2 2 3 2 2 2 2 4
XOZd (RZ-d-Rz-R1+d +3-d-R1-R2~R1".R2-2-d"-R1-2-d -R2+d-R1)

[(2-d—R1—R2)2-n2]

]
2 2 3 2 2 2 2\
0?4 (Ro?. d-R2® R1+d>+3-d-RI-R2-RI>R2-2.d"-R1-2-d R2+d-r1%

[(2-d~R1~R2)2~n2]



.(R22-d—R22-R1+d3+3-d-R1‘R2—R12-R2—2-d2-R1ﬂ2~d2-R2+d-R12)

[(2-d—Rl—R2)2-7c2]

w0 = —7»02 - d

w0 =3.409% 10~ 4 This is the minimum spotsize

-1 2

{12 = - -(—Rl-m ~xo-JR'12-xoz-4-n2-wo4) 12=08
(220
-1 ( 2 \f 7 2 2 4)

122 = {ra 20— a0 R W07 —4-n w0 o og

(2 ~ mz)

Not satisfactory. Try another combination.

d=112 + 121
- 2 2 2
d= 12 -(—Rl-m —xo-sz-m —4-7 ~WO4)+t21
(2-x0
2 2 .2 (
d= - -(——Rl-?»o -xo-\fR_l 4 wo) ——-———— _R2-20° - A0 - 202 —4-x wo)
(2-10 2 xo

(] .1
2 2 2 4
2 (RZ d-— R2 R1+d +3.d-R1-R2- Rl .R2-2-d"-R1-2-d -R2+d~R1)

07 -d-
i [(2 d-R1-R2)>- 2:\

»  (r2a-r? R1+d+3.d-RI-R2-RL R2—2-d2-R1~2‘d2~R2+d-R12)

Y
1 [(2 d-R1-R)*- 2]

»  (re?a-Rr? Ri+d’+3-d-RI-R2- R1Z R2—2-d2~R1—2-d2-R2+d-R12)

A0 -d-
[(2 d-R1-R2)”- 2]

e (R?.z'd-—Rzz-Rl+d3+3-d~R1-R2~R12-R2—2-d2‘R1—2-d2.R2+d-R12)
S| ae?a

I [(Zvd—Rl-R2)2~n2] |




2
o ~k02-d-(R2 -d~R22-Rl+d3+3-d-R1-R2-—R12-R2—2-d2-R1-2-d2-R2+d-R12)
[(2-d——R1~R2)2~1t2]
w0 =3.409x 10~ 4 Spot size comes out the same
112 =038
21 =02
{11=07
22=28

Only the solution 11=0.0.8, t2=0.2 satisfies t1+t2=d

[ ( ) Vary d, the length of the GRIN lens to get the correct answer -- trial and error

A0 = 1.55-107°
Woi=0.5-107°
. 2 Beam parameter at original beamwaist
. i-m-wo
qin i= ————
A0

input beam divergence is

A0

7 - w0

6=

For a focused spot size of 10 micrometers an approximate solution can be found from

10~10"6

]

f=

f=10.01 Use this as a starting value

n0:= 1.5
Choose a GRIN lens radius of 1mm -- will not truncate input beam

r1r=110--0.5-n2-r2
Symbolic solution for n2
(nr — 1.-n0)

2
r

-2



nr:= 1.485 Initial guess

_ ’ n2 sin( n2 d) focal length as a function of GRIN lens parameters
nQ

Symbolic solution for d that will give a particular focal length

3

d=5.461x10" Use this as a starting value

d = 0.00364 This length found by trial and error to focus beam to 10 micrometer spotsize

Ray transfer matrix for initial 10mm

a2:= 1
b2:= 1077
c2:=0
d2:= 1

Ray transfer matrix for front face of GRIN

a3 = 1
b3:=0
c3:=0
1
d3 = —
n0

Setup ray transfer matrix for GRIN medium

2
A= cos( F— : dj
n0

R = @qm(@d\]
iy o )



n_2
n0

n
D= cos [—

(=3 B3]
(=N
N

n

2%

1
- =0.014
C

Ray transfer matrix of output face of GRIN

a:=1
bi=0
ci=0
d:=nl

focal length of GRIN

Overall ray transfer to just outside output face of GRIN

a4 b4) (a b) (A B) (a3 b3) (a2 b2
4 dd4) \ecd) \c D) \e3d3) \e2 d2

a4 - gin+ B

qout ;=

cd-qin+ D

qout = -8.331x 10

[WS]

3 1 2.028ix 10‘4

Distance to focus is df

df = ~Re(qout)

df =8331% 10 °

wocus = ,&0__12(39.%2
T

wiocus = 1 x 10 3

Rl:= 4

( 7)

Rl1=t

value desired

)

20 = 1.06- 1078

R2:=2 d:= 0.5
w0 2 1 is distance of beamwaist from R1
(0 -11)



Mathcad symbolic calculation of two
possible values for t1

-1

(2 20%)

.___:_1..._._
2

(2203
-1

-1 2
t12="""'—-'_'<"'R1‘7\,0 —XO-\[Rlz-KOZ—4-7t2~w04)

(2 : mz)

2
-(—RI-XO +xo-JR12-x02-4~n2.wo4)

2
-(—Rl A0 —m.\[mz.xoz-ct-nz.wo“)

2 3
11 -(—Rl-kO +20-yRI1Z.20 Cantowot)

w0

2 12 is distance of beamwaist from R2
rRZ2=12-|1+|n- -wb:——v
(20 12)

Symbolic Mathcad evaluation of two
possible values for 12

1 2
-(~R2.xo +x0-JR22-x02—4-n2-wo4)

2
(z.m)

- 2 2
-——-1—;-(~R2-xo"—xo-fm2-xo“-4-n2-wo4)
(2203

- 2

21 = > -(—R2~k0 +XO‘\[R22-102~4'712'W04)
2-&0)
_ 2

t22=————]———;-<—R2-M) —xo-\fmz-mz—n;-nz-wo“)

(2.20) '
d=11+ 121

Symbolic substitution

d=t11—~—]———-(~R2-K02+KO-JR22-7\02»4-7t2-w04)
(2-10)

- 2 2 2 2 1
! .(—Rl-xo s 20 RIZ 207 —dn -w04>~-—-——————-(—R2‘7\02+7»0-\/R22-102—4-7t2 w04)

(o2 (2207



Calculate w0 symbolically. There are 4 possible solutions.

(Rzz-d—Rzz-Rl+d3+3.d.R1-R2-R12~R2-2-d2-R1—2-d2-R2+d-R12)

_)\oz.d.
[(2-d—R1—R2)2-1r2:]

(Rzz-d~R22-R1+d3+3-d-R1-R2-R12-R2—2-d2-R1-2~d2-R2+d-R12)

i ._;L()z.d.
l [(2~d~R1—R2)2~n2]

(Rzz-d~R22-R1+d3+3~d-R1-R2-—R12-R2-2vd2-R1-—2vd2-R2+d-R12)

20%.4- -
[(2-d—R1-R2)2-n]

(R22-d~—R22-R1+d3+3-d-R1~R2—R12~R2—2-d2~R1-2'd2~R2+d‘R12)

- _.mz.d.

[(2~d~R1~R2)2~7t2] -

3

Choose physically reasonable solution

(Rzz-d~R22-R1+d3+3-d~R1-R2—R12~R2—2-d2-R1-—2~d2-R2+d-R12)

0:= -XOZ‘d-
) [(Zvd—Rl—-RZ)Z-nz]

w0 =5.064x 10 4 This is the spotsize required

-1 2
t1] = —~—————-(-R1-xo +xo~\[R12-xoz~4-n2-wo4)

(2207
111 =0.15
- 2
21 I=—'—""}"’2"‘("“R2'?\.0 +XO~JR22-k02~4-n2-w04)
(- 20?)
t21 = 0.35

This is a satisfactory solution

Test another combination

d=112 + 122



d=—~————-l—-—«(-—Rl-7»02—7\0-\]102-102—4-1z2-w04)+t22
(2. 20

d=-——:l———-(—R1-xoz—xo-\[mz-x02—4-n2.w04)—(——1——

(z - xoz) 2. 102)

_;"02 d (R22-d—-R22-R1+d3+3-d-Rl-RZ—R12~R2—2-d2'R1-2-d2~R2+d-R12)

[2-d—R1—-R22~7t2]
( )

o2 g (RZz-d-Rzz-Rl+d3+3-d‘R1-R2~R12-R2~—2~d2~R1-2-d2-R2+d~R12)

[(2-d~R1—R2)2-1t2]

o g (Rzz-d—mz-Rl+d3+3/d-R1-R2—R12-R2~2-d2-R1——2-d2-R2+d~R12)

[(2~d-R1—R2)2-1t21

| o2 4 (Rzz-d—Rzz-Rl+d3+3-d~R1—R2—R12-R2—2-d2-R1—2.d2-R2+d-R12)
‘1- - 0 .

[(2-d—R1-R2)2-n2]

(RZZ’-d—Rzz-Rl+d3+3-d-Rl-R2-—R12vR2—2-d2-R1-—2-d2AR2+d‘R12)

0= ~M)2-d-
) [(2~d—R1—R2)2~7t2]

w0 =5.064x 10 Same spotsize

- 2 2
tlZ::——l—é—-(—Rl-ka—KO~\lR12~lO -4z ~w04) 112 = 3.85
(2~m)

Not satisfactory. Try another combination.

. ( 2 2 .2 2 4)
122 = (r220% - 20 {R2% 207 - 457 - w0 27 = 1.65

d =112 + 121

2
~<—R2-M) —XO-JRZZ-hOZ—4-ﬂ2-w04)



*

-1 2
d=-————-(~R1-x0 —KO'\/R12~K02—4-n2-w04)+t21

(2 : ;\02)

- 2 2 2 '
d=——1——5—-(-R1-x0 a0 RIZ 02 -4-n -wo"‘)—-——1———-'(—chmz—xo-szz-xoz—e;.nz-wo“)
(2207 (2. 20)
] (1) -
2 2 3 2 2 2 AT
(2. g R2Dd-RZRI+d’+3 4 RIRI-RI-R2-2:4 Ri-2.d% R2+d.r1D)
[(Z-d—Rl—R?.)z-nz]
1
2 2 3 2 2 2 AT
ot (Re?.q-R2® R1+d®+3-d-RI-R2-RI°.R2-2.-d"-R1-2-d R2+d-R1Y)
l' — - -
2
[(2-d~R1—R2)2-1t:\
1
2 2 3 2 2 2 AT
% (Re*.q-R? R1+d’+3-d-RI-R2-RI’-R2-2.d"-RI-2-d R2+d.R1)
7
[(2-d-R1—R2)2~n]
1
2 2 3 2 2 2 AT
o2 (Re*.q-R2® R1+d’+3-d-RI-R2-RI°-R2-2.d"-R1-2.d R2+d-r1Y)
N B
2
i [(2-d—R1~R2)2-1t] ]
1
2 2 3 2 2 2 AT
ool o? (Re*.q-R? RI+d’+3.d-RI-R2Z-RI>.R2-2-d" - R1-2-d R2+d-R1)

[(2~d—R1~R2)2-1t2]

w0 = 5.064 x 10~ 4 Spot size comes out the same

112 = 3.85

121 = 0.33
111 = 0.15

122 = 1.65

Only the solution t1=0.15, 12=0.35 satisfies t1+t2=d



(‘g) woi= 02107
A0 = 13-10°°8

d:= 200107 °

R::-g—{n[z‘n-wo-az—'??)rjl

R =0.193 meters



