Analysis on the depth of focus in flying optics
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Abstract. Based on a simplified model of Gaussian beam focusing, in
which nontruncating, thin-lens, aberration-free, and on-axis optical sys-
tems are assumed and the thermal-lensing effect is neglected, a general
and concise expression is derived to describe the variation of 1/e? radius
of the focused beam as a function of input beam waist to lens spacing,
lens-to-target plane spacing, input beam Rayleigh range, and focal
length of lens. From this expression, we get the depth of focus (DOF) of
flying optics with a fixed flying range, which is used as a merit function to
determine the optimal solutions for system parameters. The results are
very useful in the design and analysis of flying optics in laser material
processing. Finally, a practical example describing the optimization of
the output coupler for CO, laser resonator is given. © 1998 Society of Photo-
Optical Instrumentation Engineers. [S0091-3286(98)02505-7]
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1 Introduction 825 configuration C@laser resonator. Zoske and Gie%en

Due to the beam feature, the behavior of a focused GaussOptimized the interspacing of beam expander. Haferkamp
ian beam can not be precisely approached to the practical€t al- used adaptive optiogleformable mirrorto compen-
level by geometrical optics. Based on a simplified model in Sate the variation of input beam waist to lens spacing.
which nontruncating, thin-lens, aberration-free, and on-axis I this paper, a general expression is derived to describe
optical systems are assumed and the thermal-lensing effecthe variation of 1¢- radius of focused Gaussian beam as a
is neglected, the expressions of output beam parameters aréunction of input beam waist to lens spacing, lens-to-target
derived with ray transfer matrix and mode matching in the Plane spacing, input beam Rayleigh range, and focal length
review paper of Kogelnik and LiFrom diffraction theory, ~ Of lens. From this expression, we get the DOF of flying
Dicksor?. derived a somewhat more general expression in- OPtics with a fixed flying range, which is used as a merit
cluding aperture truncation effect. With the safe truncation function to find out the optimal solutions for system param-
in which the radius of the physical aperture is twice larger eters. The r(_asullts are very usgful for the _deS|gn and analysis
than the 1¢? radius of Gaussian beam at the aperture, this ©f flying optics in laser material processing.

more general expression reduces to the Kogelnik and Li's de;mr?lgf, \(')VS’,[ p&?\ggﬁ allgrali?\alzzgr-eﬁr?rpl-?ogotthg %Ft)(talrrr?gr?o
expression. To be analogous to geometrical optics,Self 9 P P gantry y

simplified this derivation and got concise expressions de- show how to use our derived equations to find the optimal

scribing the variations of beam waist radius, Rayleigh parameters and the DOF value.

range, and beam waist to lens spacing for a focused Gauss- ) i .

ian beam as a function of those of input beam and focal 2 The 1/e Radius Equation of the Focused

length of lens. Luxon et dlverified Self's equations to be Gaussian Beam

valid for all higher order modes and useful in practice. Based on the mentioned simplified model of Gaussian
In laser material processing, the power densityadi- beam focusing, the geometry and parameters of focused

ance of working beam has a tolerance range for a particu- beam, as shown in Fig. 1, can be well described by Self's

lar application. If the range is exceeded, it results in poor equations. We summarize his equations as

quality or even cessation of the process. As a fixed laser

power is applied during processing, this tolerance makes a( wgy=mwyg

constraint on the acceptable variation in the value of work- { zr' =m2zr , (18

ing beam radius. The depth of focU3OF) is defined as a s’ =f+mi(s—f )

distance from the focusing point over which the working

beam radius varies within the required region. In flying \yhere

optics, beam guiding over long distance during processing

changes the input beam waist to lens spacing and results in £2 1/2

the variations of beam waist radius, Rayleigh range, and | m= o125 72

beam waist to lens spacing of working beam. Much work (s )1,2 r (1b)
has been done to reduce these variations. Lurptimized W ()\_Zr)

the surface curvature of output coupler in Spectra-Physics 0 T '
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S'

input beam waist thinlens  output beam waist  target plane

Fig. 1 Geometry of Gaussian beam focusing.

With Self's conventionwg, Zr, s, wg, Zr', ands’ are

focusing point
' DO

F !

beam waist

Fig. 2 Convention of Rayleigh range (Zr') and DOF.

waist radii, Rayleigh ranges, and beam waists to lens spac-3 DOF Features in Nonflying Optics

ings of input and output beams, respectively. Bhs posi-
tive if the input beam waist locates in front of lens, but the
s’ is positive if the output beam waist locates behind lens.
Both m and f are magnification and focal length of lens,
respectively.

The equation for the &f radius of a focused Gaussian
beam at the target plane after lefsee Fig. 1 can be de-
rived with Egs.(1a) and(1b) and expressed as

21172

t—s’
w'(s,t;Zr,f )=w)| 1+ ST
_( r f 2
=7z |
t—f)(s—f)—f?]?\*
R T
and
}\f2 1/2
W’(tEf;s,Zr)=(E) . 3)

Equation(2) describes the output beam radiws$, which
varies as a function of the parameterg, Zr, andf. From
Eqg. (3) we can see that the output beam radiusat back
focal plane is independent of tlsevalue. This feature was
also noted by Dicksof.

Now, we can express the output beam radius in a nor-
malized form as

) B w'(s,t;Zr,f)
WnOI’(X’y)_ W,(tEf;S,Zr)

=[y?+(xy—1)%]"? (49
2 1/2
=[x y- 12 "1 (4b)
where
x=(s—f)/Zr
y=(t—f)Zr/(f?). (49

From Eq.(4b), we can see that the output beam waist lo-
cates at the positiog=x/(1+x?) and the normalized ra-
dius at waist reaches the minimum value as ).

1506 Optical Engineering, Vol. 37 No. 5, May 1998

With a fixed input beam-waist-to-lens spacing during pro-
cessing,s remains constant and the system is called non-
flying optics here. From Eq4b), it can be seen that the
focusing point can be clearly chosen as the position of out-
put beam waist for the minimum value of focused beam
radius. As with Eq(1a), the focusing point is usually dif-
ferent from the focal point of lens except thetf. The
DOF, which is defined as a distance from the focusing
point over which the working beam radius varies within the
required region, as shown in Fig. 2, can be expressed as

2Zr
2 a1y 2 4\12
DOF=(p°—1)"Zr'=(p“—1) Zr2 4 (s—1 )2 (5a)
where
W' (t=s'+DOF)
RN o

From Eq.(5a) and curveB in Fig. 3 given by Eqs(1a)
and(1b), we can find the optimal conditions for the DOF of
nonflying optics as follows:

1. The input beam waist should locate at front focal
points s—f ).

2. Input beam Rayleigh rang& should be small when
s—f.

3. The lens of longer focal length should be used when
s—f.

(s-f)fzr

-15 -10 0 5 10 15
Fig. 3 Relation of focused beam parameters wy and Zr' and s’
with s. The abscissa is a normalized variable (s—f)/Zr and the
ordinates for curves A, B, and C are these normalized functions

[(mIN)(Zr ) 1Y2wy , (Zrl2)Zr', and (Zrl ) (s’ — ), respectively.
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In the limiting case where=f andZr=0, coming into DOF in the normalized form. Figure 4, given by Eda),

the case of geometrical optics, the DOF becomes infinite. shows that the maximumy is optimum on the condition
Xo=0 (i.e.,sp="f) andyy=0 (i.e.,tg="f ). The maximum

4 DOF in Flying Optics Ay value decreases ag changes. The optimumy, value
As the input beam waist to lens spaciagaries within a  increases with increased, for xo>0, but decreases with
fixed flying region during processing, the system is called increasedxy| for x,<0. Figure 5, given by Eq(4a with
flying optics; for example, laser-gantry-robot systems and Ax=0.2, shows the tendency that the ldsg| has the
multiple workstations in series in laser material processing. larger DOF. This means that the DOF value decreases as
In flying optics, the output beam radius in any target plane the |x,| value increases. Therefore, the following analysis
except the back focal plane varies during processing. Fig- of the limited region|x,|<Ax is actually an optimum
ure 3 shows all the variations &', w}, ands’ as func- analysis of the DOF in flying optics.
tions ofs. It can be seen that no region ®has less varia-
tions for all the parameters and at the same time larger 5 DOF Determination in Flying Optics

values so as to make the DOF optimum. ~ Now, we explore the acceptable region of both thendy
The DOF calculation is very complicated as a function yariations in Eq.(4a). To reduce the variation of beam ra-
of two parametersx andy). Within the flying regions,  dius at lens, we limit the flying of in the collimated region
—Asss<sy+As, i.e,, in the normalized form the region —Zr<(s—f)<Zr, ie., —1=<x<1. Fory, we consider
Xo— Ax=X=XotAX, there exists a ratip of the maxi-  that if the maximum variation ratio of beam radius after

mum to the minimum output beam radii within the region |ens is taken to bep, from Eq. (53 we gets’ —(p?
Yo— Ay=<y=<yy+Ay in the output space of the focusing —1)Y2zy' <t<s'+(p2—1)"2Zr’ for every s value and

lens. For anyx, value, there always exists an optimuym have
value that makes the beam radius ratiminimum. On the
contrary, if an optimumy, is chosen, thely should be ~ —1—(p2-1)¥2 x—(p2—1)¥2
. . . . $
maximum for a fixedp value. The maximumly is the 2 1+ x2
X+(p2_1)1/2 1+(p2_1)l/2
SURFACE SY=Tne S 2 (63
and
—1<y<1, if 1<p=<2'? (6b)

The focused beam radii at any plane in the regioh
<y=1, during flying region—1<x=<1, are always inside
the region constrained by curves xfi,=Xo—Ax and X«
=Xy+AX. The reason can be expressed as follows. Accord-
ing to Eq.(4a), the minimumw,,,, occurs ax=1/y if they
remains constant and a larger deviation from thigalue
causes largew, . Then, the absolute value of optimum
is always not less than one in the regiodi<y<1 and the
largest absolute value always has the minimum,,,, dur-
ing flying region—1<x=<1.

Figure 6, given by Eq(4b), shows the variation of the
focused beam radius as a functionyofor a given positive
value ofx. The maximumAy, i.e., the DOF, occurs as the
focusing point locates at the beam waist whgge=x/(1
+x?). Once the focusing point shifts from beam waist, the
maximum p value within the regiory,— Ay<y<y,+Ay
occurs at

1/2

@)

= _+ 2, - _
y0|pmax 1+X2_ Ay + (1+X2)2

Here if 0<x<1, we can find thay,|, _(minus root}<0
or y0|pmax(plus root)>2x/(1+ x?). This means that within
the region yo|pmax(minus root<yo<yy| pmax(plus root)

Fig. 4 Surface and contour of focused beam radius W/,=[y? marked as region | in. Fig. 6, if the focusing point comes
+(xy—1)2]¥2. closer to the beam waist, they value becomes larger. This

Optical Engineering, Vol. 37 No. 5, May 1998 1507
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Fig. 5 Variation of W', in the case xo— AXx<x<Xxp+AXx, where Ax=0.2.

conclusion can also be available in the region
Yol (Plus root)syo=<yol, _(minus root) for —1<x
=0.

The DOF of flying optics for any flying regior,,,;<x
<Xmax» Where|Xo|<AX, Xmin=—1, Xma=1, can be deter-
mined by the conditionw,(Xmax:Ymin) =Who Xmin :Ymas)
under which the beam radius ratjw within the region
Ymin=<Y=VYmax IS minimum. The reason is expressed as fol-
lows. In the case wherg,,, does not exceed the beam
waist position ofXq,a, CUrve, i.e.,¥Yma=Yr, as shown in

1508 Optical Engineering, Vol. 37 No. 5, May 1998

Fig. 7(@), an increasing, value causes the maximum and
minimum radii in the 2y region to move fromA (or Aa)
and B to Ag and By, respectively, and the beam radius
ratio p increases. Otherwise, decreasipgvalue causes the
maximum and minimum radii in the 2y region to move
from A (or Aa) and B to A, and B, , respectively, and
according to the discussion on Fig. 6, the beam radius ratio
p still increases. In the case wheyg,,, does exceed the
beam waist position of,,,, curve, i.e..Ymac>Yr, as shown
in Fig. 7(b), the minimum radius is aB, increasing or
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Fig. 6 Variation of the focused beam radii (W},,) as a function of y
for a given positive value of x.

decreasing theg, value causes the maximum radifsto

increase toAg or A, respectively, and the beam radius

ratio p increases.

6 Derivative of the DOF in Flying Optics

With the flying range 2, s varies within the regiors,
—L=<s<sy+L, or —L+(f+d)ss<L+(f+d), where
d=sy—f and Osd=<L, and then we have

—1<Xg— AX=X=Xp+Ax=1,

and

Waor

1.0 x
WioL) -
WiolR)
: : > Y
Yo Yau O Yuax Yo
(a)
Waor
$ Ymax 2 Yr
| sz R Xmin
AN LU LU TSN I
L ' ' VAR
! Aa ' ' A
! 1
N
' '
, Lo ' .
Waor (L) |
' B,
Wor (R)! : -
You YL 0 YR Yem >y

Fig. 7 Determination of the DOF in flying optics (0<xy<AX).

where

x=(s—f)/Zr
Xo=d/Zr | (8
Ax=L/Zr

The required region of is
-1y —Aysysy,t+Ay=<l,
where

y=(t—f )Zr/(f?)
Yo=(to—f )Zr/(f?) (9)
Ay=(DOPF)Zr/(f?).

On thexpi, curve, the normalized waist radius is

1/2

1

an(L) = 1+ (Xmin)z (10)
at the location

Xmin

=, 11
Yo 1+(Xmin)2 ( )
On thexyax CUrve, the normalized waist radius is
1/2

Wr,wl(R): 1+ (Xmax)2 (12)
at the location

Xmax (13)

YR T X2

The DOF is evaluated from poiryt=0 where thew;,, re-
mains constant whexr varies as shown in Fig. 7.

In the regiony=0 (t=f ), the maximumw;,, locates
on thex,,, curve and the value increases with thealue.
The minimumw;,,, locates on the,,, curve, and the value
decreases with thg value in the region &y=<yg but in-
creases with thg value in the regioty>yg. Therefore, we
get

MaX Wior={(Ymad >+ [ (Yma) Xin) — 112142 14

{(ymax)2+ [(ymax)(xmax) - 1]2}1/2
if 0<Ymax=Yr

1 172 (15)

[—

min w/,=

if Ymax>Yr-

According to the requirement max,,/min w,,=p, we
can calculate the/,,,x from the preceding equations and
have

Optical Engineering, Vol. 37 No. 5, May 1998 1509
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Yo 1= (Ymad (AX)

[((P®+1)+(p*—D)a—[4p*~ (p?— 1)*(1/AX)*]*
(p?—1)[(1+a)?+(1/Ax)?]+4a

if Ax=Axy,

- —(1—-a)[(1+a)%+ (LAX) 2]+ ((VAX)Z[(1+a)%+ (1/AX)?]{(p?— 1)[ (1+a)2+ (1/Ax)?]— 4p2a}) 12 (163
[(1+a)®+ (1/AX)?][(1/AX)?+(1—a)?]
| if AX<AXp,
where
a=d/L
Ax=L/Zr (16D

Using the relationshig/t>f(Ax=Axbp)|AX>AX(bp)Eyt>f(Ax=Axbp)|AXgAX(bp)E(yR)(Ax) and Eq.(16@ in which Ax
=AXpp, We can findAx,, as

an [ LPP =DA%+ 2(p7 = 3)at (p?=5) 1 +{[(p* -~ D)2’ +2(p*~B)a+ (p?~5) )+ 16(p*~ 1)(1+2)%) | L
Xop™ 8(1+a)? - @y
In the regiony<<O (t<f ), we can calculate thg,,, with the conditionw/,,(Xmax:Ymin) =Whof Xmin Ymax @nd have
B . (1+a) = ([(VAX)?*+(1+a) N[ (LAX)*+(1-a)?]y=?+ 2(1- @)y g} + (1 +a)H) 1?2 18

yt<f=(ymin)( X)_ (1/AX)2+(1+3.)2 ( )
|

Therefore, the normalized DOF can be expressed as In the region— L=<d=<0, i.e.,— AXx<Xy=<0, with a simi-
lar procedure the same result can be obtained except that

(DOFIL  Yioi—Vies |d| takes place ofl andAf ., changes its sign.
DOF,,= = (19 Figures 8 and 9, given by the Eq4.9) and(20), show

— =
f 2 the variations of DO, and Af,.,. From these figures, it

can be seen that the left-side start point of each curve with
The nominal focusing point, i.e., the center of the allowable different|d|/L value is different. The reason is that present
region, has a position shift from the back focal point of analysis has the limited region 1<x<1, i.e., 1Ax=1

lens. This shift can be normalized and expressed as +|xo|/Ax. Because Wx=2Zr/L and |xo|/Ax=|d|/L, we
(to—fIL _yi=rty
Af = 0 = _ t>f2 t<f. (20) ol
0.02
DOF Lif
0.05

0.015

| /Ll =0—1(step 0.1 upward)

0.04
| d/Ll =0—1(step 0.1 downward) wor

0.03

0.005

\ . \ . — Zr/L
Zr/L 0 10 20 30 40 50

0 10 20 30 40 50
Fig. 9 System focusing point shift of flying optics as a function of Zr
Fig. 8 System DOF of flying optics as a function of Zr and d. and d.
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LASER RESONATOR FLYING OPTICS

f focal plane f,
-L

Ul=Te=1Ir E

IWO=2WO,

W0, n

o

gl
v
N

Fig. 10 Geometry of the flying optics.

find the conditionZr=L+|d|. We can find the conditions
for the optimal DOF of flying optics as follows:

1. An optimumZr should be taken.

2. The center of flying region should locate at front fo-
cal point d—0).

3. The lens of longer focal length should be used.

4. Less value in flying range (9 should be taken.

7 Flying Optics with d=0

In case ofd=0, i.e.,a=0, the 1¢? radius curves are sym-
metrical with respect to thé=f plane [xy=0, see Fig.
5(a)]. From Egs.(168 and (18), we have

(((p°+1)—[4p°— (p°— 1)*(UAX)*]™
(p2—1)[1+(LAX)Z]
if AX=AXp,
Yi=1= ~Yt<t= —1+(p2—1)Y1/Ax)
1+ (1/Ax)?
| if AX<AXpp.
(21)
f, (m)
360
250 ’
200 I
150 I
. =
"] - R, (m)
o s 10 15 20 25

(a) focal length without thermal lens effect

3.’ (m)
10
7.5 AN
5 7 N\
28 P AN
o 12 N
2.5 \\
5 ~..
- iy
-7.5
-R, (m)
° s 10 15 20 25

(c) output beam waist position

Fig. 11 Optimizing the output coupler (R;=c,

From Eq.(17), we have

(p2_ 1)1/2
Axbp:T. (22
From Eq.(21), we have the optimal results as
p—l 1/2
AX|Opt p+ 1)
p—1 (23
DOFnvopt T

In laser material processing, if we take=1.1 and
d=0, from Eq.(23), the optimal condition of input beam is
Zr=21L and the optimum DOF is 0.05/L.

8 Analysis Example

To demonstrate the use of our derived equations, an ex-
ample is presented of the optimum design of output coupler
in laser-gantry-robot systems. The system geometry is
shown in Fig. 10, which consists of a stable resonator with
R;=», R,=30m, Ly=8.05m, a focusing lens witi,
=0.254 m, and flying optics withh =6 m. The curvature
radius R; of the outside surface in this output coupler is
considered as a variable to find the optimum DOF value for
p=1.1.

Following Luxon’s analytical approach,the focal
length of output coupler was modified for the thermal-
lensing effect with the equation fl/=1/fy+ 1/f e, N
which fy,=83.9 m, see Figs. 14 and 11b). The output
beam parameterss{,Zr() of the laser resonator as the
functions of the radiu®R, are shown in Figs. 1&) and
11(d). In this system where the flying region is from 4 to 16
m after the output coupler, the center of the flying region is
at the positionL;=10 m. The output beam parameters of

£y (m)
100
30 - Y
60
40 ///
20 —
ettt - R, (m)
0 s 10 15 20 25

(b) focal length with thermal lens effect

Zr,’ (m)

20

16

12 7

s /.
/

4

— -R, (m)
0 H 10 1s 20 25
(d) Rayleigh range
R,=30m, Ly=8.05m, f,=83.9m, and

nZnSe()\coz)=2.4) and output beam parameters (sg,Zr,) of laser resonator as the functions of R;,

respectively.
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f; Zr(m)
6 20
17.5
s 15 /
g
P 125 Jwar =
3 10 bt -
> 7.5 i v
5 L :
L I
! -R, (m) 2.3 ‘ -R, (m)

4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18

(a) beam waist position (b) Rayleigh range

DOF(mm) to-f (mm)

0.5 ;
0.45 0.25

0.4 0.2 S
0.35 \~\ 0.15

.

0.3 0.1 —

0.25 0.05
-R; (m) ; -R, (m)
11 12 13 14 15 16 17 11 12 13 14 15 16 17
(¢) system DOF (d) focusing point shift

Fig. 12 Optimizing the output coupler (flying region 4, 16 m; 10-in. focusing lens, p=1.1) and focusing
beam parameters (system DOF, focusing point shift) as functions of R;, respectively. The dashed
lines in (a) and (b) are drawn by the equations |d|=L and Zr=L+|d|, respectively.

the laser resonator should be transferred to the input beamof focusing lens during flying, but with a larg&r; value,
parametersd,Zr) of flying optics withd=(L,—s{)—f; which results in a larger DOF.

andZr=Zr,=Zr|. Figures 12a) and 12b) showd and This example shows that we can not get the optimum
Zr as functions ofR;, respectively. According to our as- DOF of flying optics only by minimizing the variations of
sumptions —1<x<1 and —Ax<x,<Ax, we have the  Wq, Zr’, ands’.

constraintsZr=L+|d| and|d|<L, as the dashed curves

show in these figures, which limit the considered region of 9 Discussion and Conclusions

Rs. Then using Eqgs(19) and (20), we calculate the DOF In laser material processing the power densitsadiance

and focusing point shift shown in Figs. &2 and 12d) in of working beam has a tolerance range for a particular ap-
which the optimum DOF is about 0.47 mm whét= plication. As a fixed laser power is applied during process-
—11.5m. If Rg=—17m is chosen, we get DGM.29  ing, this tolerance becomes a constraint on the acceptable
mm, which is shorter. Figure 13 shows ti§=—11.5m variation in the working beam radius. Because the ma-
has larger variations in output beam parametsisZr;) chined materials do have a certain thickness, the DOF of
s,’-f, (mm) s,'-f, (mm)
R,=-17 m R, = -11.5 m
3 3 —
13 ] Iy I,
-1 -1
3 3
4 6 8 10 12 14 16 4 6 8 10 12 14 16

(a) focal shift variation

DOF (mm) DOF (mm)
R,=-17 m R, =-11.5 m
<+ &
3.5 3.5
3 3 e
2.5 2.5
“~
1.5 1.5
1 1
0.5 0.5
4 6 8 10 12 14 16 4 [ 8 10 12 14 16

(b) DOF variation

Fig. 13 Optimizing the output coupler: the variations of focus and DOF for R;=—17m and R;
=—11.5 m during the flying region (4 to 16 m).
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laser beam must be considered as a significant factor in 2. L. DI- gickg(%;\, “ghafa%tgjf(isgcso of a propagating Gaussian beam,”
; ; ithi ; Appl. Opt. , 1854-1 1970.
system design to keep the spot size within the tolerance in 3.S. A Self. “Focusing of spherical Gaussian bearagpl. Opt.22(5),
the processed thickness. 658—661(1983.
In flying optics, due to the variation in processing, the 4. J. T. Luxon, D. E. Parker, and J. Karkheck, “Waist location and
complication of the variation in the afterlens beam radii, as  Rayleigh range for higher-order mode laser beamégpl. Opt.

shown in Figs. 3, 4, and 5, makes the DOF analysis diffi- _ 2313, 2088-20901984.

. . 5. J. T. Luxon, “Optical calculations for a laser-gantry-robot system,”
cult. The_m_aX|mum value of the DOF requires both the in Proc. ICALEO'87,pp. 85-90(1987).
fewer variations ofvg, Zr’, ands’ and a largeZr’ value 6. U. Zoske and A. Giesen, “Optimization of the beam parameters of
at the same time. From Fig. 3, fewer variationsagf and fzog;’f'z”%(ol%gg’ inProc. 5th Int. Conf. Laser in Manufacturingp.
Zr' requires a largeZr/f value ands,— f, but less varia- 7. H. Haferkamp, H. Schmidt, and D. Seebaum, “Beam delivery using
tion of s’ requires a largeZr/f value andsy— f=*Zr. adaptive optics for material processing applications with high power
However, the largeZr’ requires a smalleZr/f value. In CO, laser,” Proc. SPIE2062 61-68(1993.

earlier works, these inconsistent requirements made it dif-
ficult to find the optimal DOF value and associated param-
eters in system design. In this paper, the total effect of these
parameters on the flying optics are derived and explicitly
shown in Fig. 8. The DOF of flying optics can be evaluated
with Eq. (19) as a merit function to give the optimal system
parametersd,Zr) and the optimal DOF itself. In the non-
flying optics, as discussed in the preceding section, a mini-
mum Zr value is required when optimum conditia* f
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