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Distortion of femtosecond laser pulses in
lenses and lens systems

7. BORT

Max-Planck Institut fiir biophysikalische Chemie,
Abteilung Laserphysik, Postfach 2841,

[3-3400 Gottingen, F.R. Germany

Abstract. Owing to the difference between the phase and group veloaity, the
pulse front may be delayed with respect to the phase front by several picoseconds
when traversing a lens or a lens system. The delay is a parabolic function of the
input radius. The delay is calculated for singlet lenses, achromats, compound
lenses, telescopes. The etfect may be two 1o three orders of magnitude larger than
the broadening due to group velocity dispersion in the materials of the lenses.

1. Introduction

The temporal and spatial profile of a femtosecond pulse is st rongly attected by the
dispersion properties of the optical media. The dispersive properties of prisms have
been extensively studied. Prism systems are successfully used for intra- and extra-
cavity pulse compression [1-13].

However, very little attention has been paid to propagation etfects in lenses, lens
systems, telescopes ete. [14-16]. In lenses, two kinds of effect occur. The pulse trong,
which is defined as the surface coinciding with the peak of the pulse, moves with
group velocity and is thus delayed with respect to the phase froat. The peculiarity of
the lens is that this delay is different for various regions of the lens cross-section. This
is due to the fact that the path length of the beam in the media of the lens depends on
the input radius r (see figure 1). This effect will be referred to as propagation time
difference (PTD). P'I'D is proportional to dn/dA.

T'he second effect is the pulse broadening due to group velocity dispersion
{(GVD) of the material of the lens. This effect is propornional to d*njdA? of the
materials. Since this broadening is glso dependent on the path length in the glass, the
broadening is also dependent on r,

The effect of PTD and the broadening due to GVD can be precisely caleulated by
ray tracing. However, ray tracing requires an a priori knowledge of the construction
parameters of the lens system. Besides, from the numerical results of ray traciny it1s
difficult to recognize the physical refationships.

In this paper we derive sume equations describing 'I'D and pulse broadening
due to GVD in lenses. Special attention will be paid to singlet lenses, achronats, and
telescopes.

t Permanent address: Research Group on Laser Physics of the Hungarisn Academy of
Sciences, Dom ter 9, H-6720 Szeged, Hungary,
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Figure 1. Owing to the difference between the group and phase velocity, the temporal front
is delaved with respect to the phase front.

2. Propagation time through a singlet lens
In order to calculate the propagation time we start from Fermat's principle

Litnl,+ Lyt Ly=nDy+f, H

where f is the focal length and L, L,, Ly, Ly, Dy and f are defined m figure 1.

A pulse is propagating in a medium with the group velocity 22, which is caleulated
as v, =daw/dk[17, 18, 21], where w is the angular frequency and 4 is the wave-vector,
For solving optical problems, instead of w and & it 1s more convenient to use the
wavelength in vacuum A and the refractive index #(4). Then the group velocity is
expressed as v,=c/(n—Adn/di) [1,3,18]. It is worth noting that in some textbooks
[19,20,21] z, is given by an expression v =¢[1 +1{(ndnjdd)]/n without stating
clearly that here 1 means the wavelength in the medium und not in vacuum.
Thereflore this second expression is less useful than the first one, because the
refractive index is tabulated or approximated by polynomuals for the vacuum
wavelength and not fur the wavelength in medium [22-24]. Throughout this paper
we use the Arst expression with 4 being the wavelength in vacuum.

The propagation time T(r) of a plane wave from plane 4 to the focal point F (see
figure 1) can be calculated as

Li+L,+L, L d
T(r)=1“+‘+i(n—i—?). 2
c c di
In the paraxial approximation [17] we obtain for Dy, L;, and f (see figure 1)
2
rof 1 1
Do=20_ 4 . 3
°T72 (Rl * Rz)' S
32
ro—r 1 1
Ly=—"ce | — 4+ =~ 4
2T (R1 +R2)' 4
( l)(] + ) 5
7 o\ o L] o
R, 3 .

R Ad
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where r and rg, are the input radii of an arbitrary and the marginal ray respectively,
and R, and R, are the radii of curvature of the lens surfaces.
Using (1) (5) and rearranging we finally obtain the propagation time
f o Dy dn 2 1 dr
Tiy=" 4" )+ et )AL 6
¢ ¢ di/ 2c\R, R,) did ©
Substituting (3} tnto (6) and taking r=r, we obtain the propagation time for the
marginal ray
Dyn
TmET(r=rﬂ}={+-—0 _ (7)
¢ <
Since the optical path from plane 4 to Fis aDg +f (see Hgure 1) it follows that the
marginal ray propagates with the phase velocity.
The temporal delay AT(7) between the phase front and the pulse front fora ray at
an arbitrary input radius r is

2_ .2
AT =TO) - T,="" (’:+’; )(_)jz) #
1 2
or by using (5)
2_ 2
Ty 07T dn
Al(r)—ch(n__l)( Adk)' )

For optical materials of practical interest, 1 dnjdA has a negative value in the spectral
range of transparency. The axial part of the beam is, therefore, delayed with respect
to the marginal part.

The etfect of PTD is illustrated in figure 2 and figure 3, which show the locations
of the pulse fronts at different moments. The equations describing the pulse fronts
are

x=c(t~AT(r)cosa, [418)]
y=c(t—T(psina, 1y

where x and p are the spatial coordinates measured from the focal point,
a=arctg (r/f) and the origin of time # is chosen so that the marginal ray propagating
with phase velocity arrives at the focus at ¢=0.

-60 -40 =20 0 20 f34] 60
x [mm)

Figure 2. Behaviour of the pulse and phase fronts behind a lens. Notice that around
x=4H)mm the pulse front changes from convex to concave.
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Figure 3. Behaviour of the pulse and phase front in the vicinity of the focal plane
(geometrical optical approximation). The temporal delay between the marginal and
axial ray is 481 ps. 'The formation of the loop means that for 0 <z< 481 ps the pulse
propagating along the marginal ray has passed the focus, while the axial part has not
reached 1t

Figure 2 shows the pulse and phase fronts for a fused silica lens having
F=150mm, ry =40mm, n=1-50799[23], L dn/dd= — 0-1375 at the wavelength of the
KrF excimer laser (249 nm).

The shape of the pulse front near to the focal region is shown in figure 3. A
peculiar feature is the formation of a loop for times 0 <t <AT(ry). The reason for this
is that for 0 <t < AT (r,) the part of the pulse propagating marginally has already
passed through the focal point £, while the axially propagating part has not reached it
yet. The present analysis makes use of the geometrical optical approximation. It is,
therefore, not valid in the proximity (about a few hundred micrometres) of the focus.
In this range the shape of the pulse front may be calculated by solving the Kirchhot-
Fresnel integrals. Such calculations have been carried out previously by Martinez [5]
for a much simpler case (i.e. for plane waves tilted by gratings or prisms).

Figures 2 and 3 demonstrate clearly the importance of PTD for ultrashort pulses.
A photodetector located at the Gaussian plane of the lens would detect a signal
stretched by T(r=0)— T(r=ry) which amounts to 481 ps for the lens specified
above.

Itis interesting to note that the curvature of the pulse front changes from convex
to concave behind the focus around x =40 mm (figure 2). From simple geometrical
consideration it can be shown that at

_f dn
'(n—l)(“l?ﬁ) (2

the pulse front is Hat, while the phase front is a sphere having a radius of L. This
property of the lens can be used to avoid the unwanted effect of the radius dependent
propagation time T(r]. For a silica lens at 249 nm this distance is at L =0-27f behind
the focus F.

The pulse front may be also affected by the spherical aberration of the lens. The
study of this effect is beyond the scope of this paper. Itis worth noting that Fermat's
principle (1) implicitly assumes that the spherical aberration is neglected.

- Distortion of femtosecond laser pulses 1911

3. Propagation time through an achromatic doublet

The derivation of the propagation time for an achromatic doublet runs
analogoutly to the one given above for the singlet lens. Fermat's principle for an
achromat is described as

Ltnmly+ndy+l,+li=dn +dn+ f. (13)
The propagation time from plane A4 to the focal point F can be calculated as
ey Ditlatls b dn, 13 dn,

T(ry= ; +c Adl nz—i—d-}— . (14)

In the paraxial approximation we have

2

raf 1 1

L=d - —+—
=4, 2(R1+R,)’ (15)

P/ 1
L=dy~———21]. 16
=iy (5, x,) o

2

rif 1 1

di=d, =2 -
a=d— (R3 Rz)' a7

2
rof 1 1

di=={——+-1, 18
5 Rz) (®
S (LU I : 19
f 1 Rl R Hy— R_, Rz (19

where the meaning of the symbols is shown in figure 4.

PULSE FRONT

\ PHASE FRONT
[ r ;
d F
Ry Ry /Ry
Vi g
A dy - f -

Figure 4. VForanachromat the delay berween the phase and pulse front is constant across the
cross-section of the lens.
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From (13) (19) for T(r) we obtain

- d Ldn d dn f
I(V)i*‘;! (n, ‘H’)—kz-(nz—l df)*l";

r ! 1\ dny 1 1 dm,
Y SR Pl e
T [(R, * Rz)‘ a2 (R, R, i )

If the lens is achromatic at the wavelength of the input beam, then d(1/f){dl=0.
Differentiating (19) over the condition of achromatism is expressed as

1 dmy 1 )dnz 0
. =0. - 2n
() 5+

Therefore, the last term in (20} vanishes, thus

d, dm, d, dmg\ f
Bt (P ki | S i . 22
T r("l dﬂ.)+ ny 7] +c (22)

From (22} it follows that for an achromat, the delay between the phase and the
temporal front is constant over the lens cross-section (figure 4} and is given by
dje{ = Adn fdA) + dyle( = Adny/dAd). Using (17), (18) and (21) it is easy to show that
this delay can be also expressed as dyfe( —4 dny/dA).

In some experiments the constant delay is not disturbing and so in these cases the
use of an achromat instead of a singlet is preferable.

4. Pulse broadening in a singlet lens due to group velocity dispersion

The dependence of 2, on wavelength, which is called group velocity dispersion
(GVD), causes u broadening of the pulse. The broadening of an unchirped input
pulse due to GV can be calculated as [18]:

d*n

i
Atry=- -
o e di?
where 1., is the light path in the medium. For the case of the lens shown in figure 1.
L, is given by (4).
Tt is convenient to express the bandwidth of the pulse Al as

i
= 24
Ad N (24

LA, on

Here N can be regarded as the number of coherent optical cycles in the pulse. Fora
transform-limited pulse we have N=¢1,/4, where 7, is the pulse duration. The las:
expression is accurate with the precision of a form factor of the pulse which does no:
differ considerably from unity.

From (23), (24) and (4) we obtain that the radius-dependent pulse broadening

due to GVD is
A1 1Y d
Atliry= —_ ° TR Rl 25
=N 2 (R, * )dﬂ (251

G-
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Since both eflects (1¥1'1) and pulse broadening due to GV} oceuar simultuneously at
the focal peint of the lens, it is important to know the ratio of these two effects. From
(8) and (25) we obtain

Ay _ A4 26)

AT(r) 2N’
It is worth noting that this ratio is independent of the input radius. [n the derivation
of (26) the proportionality between the second and the first derivative of the
refractive index was used [26}:

d*n dn

'ldﬂ =-4 di’ (27)

where A is a slightly wavelength dependent quantity having a typical value between
2-6 and 4. Higher values of 4 correspond to the short wavelength spectral cut-off (for
details see 726]). Equation (27) is valid for all optical materials of practical interest in
the spectrz!l range where they are transparent.

Assummg, for example, a 100fs long pulse at 249 nm, the number of optical
cycles is W=120. For fused silica at this wavelength, Adnjddi= —0-1375, and
AdnfdA?=2-085pm ™", resulting in 4=3775. (The refractive index and its
derivatives have been calculated from the polynomial given in {23].} Using the above
data we cbtain that At(r)/AT(r)=00157, i.e. the effect of propagation time
difference AT(r} for suprasil in a singlet lens is nearly two orders of magnitude larger
than the pulse broadenimng due to GVD. For longer pulses when N is higher the ratio
(26} is even smaller.

It 15 worth noting that GVD effects have often been taken into account in
experimen:s. PT'D), however, which may be 100-10000 times larger than pulse
broadening due to GVD for pulses of 10-0-1 ps duration, has been neglected or has
escaped thz attention of experimenters.

5. Pulse broadening in an achromatic doublet due to group velocity

dispersion

As we have shown above, for an achromat the propagation time T(r) is constant
over the lens cross-section (22), it is, however, wavelength dependent. Staerk ef af.
measured the propagation of short pulses through various streak camera lenses
(HHAMAMATSU, IMACON and PICI-V) and found that the propagation time can
decrease by 37 ps when the wavelength is increased from 351 nm to 527 nm 14, 15].
Such dependence may then cause large errors, experimental artefacts |14, 15] and
may result in considerable pulse broadening.

The broadening of the pulse due to GVD observed in the focal plane of an
achromatic doublet can be calculated as

At(r)y= %g;Aﬂ., (28)

where T(r1 is given by (22) and Al by (24). Remembering that for an achromat
dffdi=10, taking the derivative of (22) and using (24) and (28) we obtain

A2 d*n, d’n,
At(r)= %% N(dl di? +d;- diz (29)
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"Thus, an achromat has not only the valuable property that the propagation time is
equal for any input rudius r (22), but also that pulse broadening caused by the GVD
is unifurm across the whole beam. This is important, because such broadening which
is homogeneous over the beam cross-section can be compensated by grating [25f or
prism compressors |2, 3, 7, 8] or in streak camera measurements 1t can be taken into
account by deconvolution [14,15].

6. Propagation time through a lens system having chromatic aberration

Manufacturers of lenses usually do not specify the radii of curvature, thicknesses
and materials of their compound lenses, therefore calculation of pulse broudening
due to PTD and GV either by ray tracing or by using equations (8), (9, (22), (25),
(29) is impossible. But since manufacturers do specify the focal length of a lens at
several wavelengths, the longitudinal chromatic aberration defined as df/dA can be
calculated. Below, we derive the expressions for propagation time T'(r) and pulse
broadering in which the longitudinal chromatic aberration is used in place of the
derivatives of the refractive indices and radii of curvature. The expressions given
below are valid for singlet lenses, for achromats and for compound lenses which are
chromatically not perfectly compensated at the wavelength of use.

Fermat's principle for a lens consisting of k layers is

N k
Yo DA, 1)+ ho(r, Ay =) mi( )i+, (30)
T 1

where 7, is the refractive index of the ith layer, L(4, r) the path length of the ray in the
ith layer, d; is the path length of the axial ray in the ith layer, {y, f and ¢ are shown in
figure 5, Af and Al are the changes of f and [; when the incident wavelength changes
from 4 o A+AA4

The propagation time for a ray with input radius r is

du; (,1)] +10(r, A). a)

K f
Tl_r)=zl:'é(l,r)|: () —4

[

A

T
]
i

f

|

I

|

1
[
1
1
1
'

\
i

. f

— B

Figure 5. Cross-section through a composite lens.

j
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Taking the derivative of (30} with respect to 4 we obtain

diid, r) d.'U & duu) df
21(,1 ;ni(,l) "dI’f T ;d, dA, (32)

where dffdd ix the longitudinal chromatic aberration of the lens.

In the paraxial approximation, for a thin lens the changes of {; inside the lens upon
a change of the wavelength are small compared with the change of /; and, therefore,
the approximation '

dn (f‘)

L
Z di(/l ) -0 (33)
may be used.
From (30)—(33) we obtain
3y R £ 207 () dhiad
T(’)_Z ( Oy )+c ¢ dd (1 df/d).)' @4
From figure 5 we see that
dl(,,'di Alo
df dl Af 08§ (@, (35}

Replacing 1—cos g by r2/(2f2) from (35) we see that the radius-dependent detay
detined as AT(r)=T(r)— T{r=rp) can be expressed as

daf

AT(r }* -A-‘-— (36}

2 of 2
Equation (36) is a very practical expression because it uses the longitudinal
chromatic aberration instead of the dispersion of refractive indices. 1t is also of
general validity. Moreover, it can be shown that (36) is also valid for a Fresnel-type
focusing zone plate [27] where the time delay between the pulse and phase front is
caused by ditfraction and not by the ditference between the phase and group
velocitics, Besides that, it can be shown that (36) is the consequence of the
uncertainty principle [27].

From (36) it follows that for an achromat (i.e. df/di=0), the radius dependent
part of the propagation time is 0. This result is identical to the one obtained in (22).

Tuking the derivative of {5) with respect to 4 yields the longitudinal chromatic
aberration of a singlet lens

d
e 2T (37)

Inserting (37) to (36), we obtain again (9), as expected.

Just as in the case of a singlet lens, the pulse front will be flat at a distance L
behind the Gaussian focal plane [see figure 2 and equation (12)]. Using elementary
geometrical considerations together with (36) we arrive at a simple expression

df

L=la-i. (38)

This expression is in full agreement with (12) and (37) as obtained for a singlet lens.
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7. Pulse broadening in a lens system having chromatic aberration
The broadening of the pulse in a lens system can be approximated by

x 1 d2n,
Ar(r)=;-gz,.dT';'M. - (39)

Assuming that the coeflicient of proportionality A in equation (27) for each material
of the o ipound lens is the same (which is an acceptable assumption) and using (32),
{33) and the approximation 1 —cos ¢ =ri/(2f?) we obtain

bddid?m; A A4 4 P df

Artny=y 2idm A A A v 4
W= CC G AN T 2 Ne 277 di 0}

The radius dependent part of the broadening defined as At*(r)= At(r) —At{r=r,)
can be expressed by

A A ri—rt df
Arrin="— -2 -5, 4
U= S Ne 27 da (0
From (41) and (36} it can be shown that (26} is valid in this case in the form of
At*(r) A4
ATG) TN “42)

"The expression for At*(r) will be very complicated for the case when the coefficients
A for the materials constituting the lens are not equal.,

8. Propagation through a telescope
In telescopes the propagation time also depends on the input radius r. Using (9)
for both lenses the delay between the phase and pulse front AT'(r,} is obtained as

i, —rl dn 1
AT(r,)=——"2"20 [ =3 1+ }. 43
D= 2a=hH\ T M ()
Here M = f,/f, is the magnification factor of the telescope. For the derivation of (43)
it was assumed that the lenses both were made from the same material.

The delay can also be described by the curvature of the pulse front R (see figure 0)
which can be calculated as

137! dn !
R=fz(n—l)(1+ﬂ) (-Adl) ) (44}

In (43) and {44}, M is positive for a Keplerian and negative for a Galilean telescope,
respectively. Thus, for a Galilean telescope the delay is smaller than for a Keplerian
type.

The radius of curvature of the pulse front can also he expressed using the
longitudinal chromatic aberration

f3{dfy  df\7!
R= R .
PRI )
Equation (45} is a more general expression than (44) because it is valid for telescopes
in which the lenses are made from materials having different dispersions dafdA or if
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PULSE ANC PHASE FRONT ~ PULSE FRONT PHASE FRONT

I

f2

Figure 6. The phase front is flat while the pulse front has a radius of curvature of R after
passing a telescope.

the lenses are compound lenses, such as nearly compensated achromats, spherically
corrected doublets ete. From (45) we see that an achromatic telescope (i.e. one tor
which d(f, + f,)/dA=0) introduces no pulse front distortion.

9. Conclusions

Owing to the difference between phase and group velocity, the pulse front is
delayed with respect to the phase front (figure 1). For lenses this delay is a quadratic
function of the input radius r (see figure 1 and equations (9), (36)). For negative
lenses the delay is negative (9) (i.e. the pulse front is advanced with respect to phase
front).

The delay between the axial and matrginal ray is proportional to the area of the
lens (9). The delay may be several picoseconds long which may considerably atfect
the shape of the pulse front in the vicinity of the focus (figure 3). The effect is
especially important for farge aperture, short focal length lenses.

The etfect is larger in the ultraviolet where the dispersion of the optical materials
is higher. For example, see figure 3, where the delay between the pulse and phase
front for the axial ray is 481 ps. For alens made of BK7 glass, having a focal length of
S=30mm and a diameter of 2ry =6 mm at 620 nm the same corresponding delay is
13fs (9},

Behind the focus at a distance of £, given by (11) or {38) the pulse front is flat. For
4 negative lens, L is negative which means that the flat pulse plane is located before
the focus. For achromats, the delay between the pulse and phase front is constunt
across the beam [figure 4 and equation (22)]. A general expression which is valid for
singlet lenses, compound lenses, achromats and Fresnel-zone plate was also found
(36). Here the delay is described by the longitudinal chromatic aberration of the lens
instead of the constructional parameters of the lenses (radii of curvature, dispersion
of the refractive indices ete.). For a chromatically overcompensated doublet (i.e.
dffdd < 0) the delay is negative (36).

For singlet lenses, the delay caused by PTD is typically several orders of
magnitude larger than the pulse broadening due to GV (26). Nevertheless GV
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has been often considered. However, except for a few cases [14--16] the delay caused
by PTD has escaped the attention of experimenters.

For achromats, the broadening due to GVI) is constant over the lens cross-
section (29) and thus it can be compensated by pulse compressors.
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PULSE FRONT
PHASE FRONT
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Fig. 2. For an achromat the delay hetween the pulse and
phase fronts is constant over the cross section of the lens.

cumvent the unwanted effect of pulse-front distortion.
For fused silica at 249 nm, this plane is located at L =
0.27f behind the focus. (Note that the quantity L/f
depends only on the material of the lens.)

Calculations show” that for an achromatic doublet
the propagation time from plane A to the focal point F
is

d d d d
,HS||HA3 %v+WA§I %mv+m. (4)

where the relations among the symbols are shown in
Fig. 2. Inthe derivation of Eq. (4), Fermat's principle
and the condition of achromatism obtained from df/d
= ( were used.” Thus, for an achromat, in contrast to
singlet lenses, the propagation time is the same for any
input radius r [Eq. (4)]. By using the condition of
achromatism, it can be shown’ that T(r) can be ex-
pressed also as T(r) = ds/c{ny — Adno/dA) + fic.

Next we calculate the pulse broadening due to GVD.
For a singlet lens the broadening of the pulse due to

GVD can be calculated as™1?
A d%n
Ar(r) = 222 AN, (3)
¢ da?
where [(r) is the path length of a ray in the lens materi-
al (Fig. 1).

It is convenient to express the bandwidth of the
pulse as A\ = A/(2N), where N is the number of coher-
ent optical cycles in the pulse. (For a transform-
limited pulse, where the form factor does not differ
greatly from unity, N = ¢r/A.)

A detector or a target located at the focal plane
perceives both the PTD {Eq. (2)] and pulse broaden-
ing due to GVD [Eq. (5)]. Therefore, it is instructive
to express their ratio from Eqgs. (1) and (5) as

AT(r) _
Ar(r} b.Z. ®)

where A is a quantity expressing the proportionality
between the second and first derivative of the refrac-
tive index.!! A is slightly wavelength dependent and
has a typical value between 2.6 and 4.0. (Higher val-
ues of A correspond to a shorter wavelength toward
the spectral cutoff.!!) Using the polynomial given for
the refractive index of fused silica, we calculate that at
249nm, A = 3.775."12 From Eq. (6) we calculate that

19 -

for a 100-fsec-long pulse for a fused-silica lens at 249
nm the exact value of the PTD is 64 times larger than
broadening due to GVD.

For a singlet lens one can in general assume that for
any input radius r the effect of delay between the pulse
and phase fronts is approximately N times larger than
the broadening of the pulse due to GVD of the lens
material. The above approximation is correct with
the precision of a factor of 2/A.

For an achromat the pulse broadening due to GVD
observed in the focal plane can be calculated as

dT(r)
dx a

where T'(r) is given by Eq. (4). Taking the derivative
of Eq. (4) with respect to A, we obtain
A2 d%n, d?n,
A = d +d .
=2\ B e Y e ®
Thus for an achromat the broadening of the pulse due
to GVD is independent of the input radius r. There-
fore, it can be compensated for by grating!® or prism
compressors..—
In Ref. 7 a more general expression for the delay
between the phase and pulse fronts has been derived:

re 2 _ m &\
Dm:?.v Nﬂnm %. va

where df/d\ is the longitudinal chromatic aberration
of the lens. Equation (9} may be useful for the calcu-
lation of the PTD because the longitudinal chromatic
aberration is usually specified by the suppliers of
lenses. Inthe paraxial approximation, Eq. (9) is valid
for singlet lenses, achromatic doublets, not fully com-
pensated achromats, and, as shown below, Fresnel-
type focusing zone plates.

A zone plate (Fig. 3) for which the radii of the zones
are given by

Ar= (7

pi= ot (10)
has a first-order focal length!4 of

PULSE AND PHASE FRONT

~AT{r}

|14
I

L K PULSE FRONT
m /

1 PHASE FRONT
f

Fig. 3. For afocusing zone plate the pulse front is ahead of
the phase front. The delay can be nm_n:_mﬁma using Eq. (9),
obtained for refractive lenses.
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The pulse-front distortion occurring in lenses and lens systems has been measured by a Michelson interferometer.
in this technique the plane pulse front from one arm of the interferometer is used as a temporal reference level to
map contour lines of equal propagation time on the pulse-front surface. The experimental arrangement is capable
of detecting pulse-front distortion with a resolution of 20 fsec, and this can be improved to approximately 1 fsec.
The measured value of pulse-front distortion in a telescope (1.1 psec) is in good agreement with the calculated data.

It has been shown!-® that certain sections of the pulse
front may be delayed with respect to the phase front
by several picoseconds when it traverses optical com-
ponents such as prisms, lenses, and lens systems.
This delay is created according to the following mech-
anism. The pulse front, which is defined as the sur-
face coinciding with the peak of the pulse, moves with
group velocity, while the phase front moves with phase
velocity. In all materials of practical interest the
group velocity is less than the phase velocity. Thus
the pulse front is delayed with respect to the phase
front. This delay is proportional to the dispersion dn/
dA of the material and to the path length of the pulse
in the medium.

For a positive lens the ray propagating along the
optical axis has the longest path length in glass.
Therefore the central part of the pulse front suffers
the largest delay. For the marginal ray the path
length in glass is zero, therefore no delay between the
pulse front and the phase front occurs. This effect
was recently described*® in detail. A diagram of the
pulse fronts showing how the plane input pulse front is
bent after it passes twice through the telescope is
shown in Fig. 1.

The equation of the spatial shape of the pulse front
traversing the telescope twice (see the inset of Fig. 1) is

\m hid

At(r) = r, (1)

efiln—1)

where f, and fo are the focal lengths of the lenses, dn/
dA is the dispersion of the lens material, and r is the
input radius of an arbitrary ray. The input radius r
(see Fig. 1} is defined as the distance of an arbitrary
ray from the optical axis. Equation (1) is valid in the
thin-lens approximation and was derived using Eq.
{43) of Ref. 4 or Eq. (9) of Ref. 5. As we can see, the
shape of the pulse front is a paraboloid of revolution.
In this Letter our aim is to measure the pulse-front
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distortion of a telescope. Such distortion can be ana-
lyzed by measuring the propagation time of a short
light pulse through the optical system for different
values of r, i.e., at different positions of the aperture.
The Michelson interferometer can be used to measure
the propagation time through the optical components.
This property has been used to measure the dispersion
characteristics of optical fibers® and to measure the
optical group delay of dielectric mirrors and four-
prism pulse compressors.!® This technique resembles
the ﬁEm-oTEmrw interferometry proposed by Abram-
son.

The interferometer used in our experiments is
shown in Fig. 1. The reference arm of the interferom-
eter is empty, thus no pulse-front distortion occurs. *
This means that the pulse front is a plane. The object
arm contains the telescope to be studied. If the direc-

INPUT —uCrmmF‘l&
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1
Fig. 1. Interferometer used for mapping the pulse-front

Emaoaos. Interference fringes are formed only where there
is temporal and spatial overlap of the pulses coming from the
reference and object arms.
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also be used to measure the phase-front and pulse-
front distortion caused by the spherical aberrations of
the lenses of the telescope. In this case the dye-laser
linewidth used for illuminating the telescope was nar-
rowed to have a coherence time of approximately 10
psec, and the mirror of the reference arm was adjusted
to make the output beams parallel. In this case inter-
ference fringes having a circular symmetry, which in-
dicates spherical aberration, were observed. The
number of interference fringes in this case is equal to
the temporal front delay caused hy spherical aberra-
tion measured in units of the optical period of the
light. Inourtelescope the pulse-front delay caused by
spherical aberrations was negligible with respect to
the pulse-front delay caused by the difference between
the phase and the group velocity of light.

The temporal front delay occurring in prisms was
also measured with the time-of-flight technique by
replacing the beam expander by a silica prism (Fig. 1).
Equation (8) of Ref. 1, which describes the tilt angle
between the pulse and phase fronts, was found to be
correct within the accuracy of the measurements (2%).

In conclusion, the time-of-flight interferometry has
been used for mapping the pulse-front distortion oc-

curring in a beam expander. In the present experi-.

ment the temporal resolution was limited by the co-
herence time of the dye laser used as the light source.
Using a white-light point source such as the one used
by Knox et al.,!9 resolution as short as 1 fsec seems to
be feasible. In this case, however, the insertion of a
compensator glass plate into the reference arm is de-
sirable. The glass plate may be a piece of identical
dispersive material (here Schott glass K3) with a
thickness equal to the axial thickness of the lens sys-
tem. In addition, for short pulses pulse broadening
owing to group-velocity dispersion also occurs. This
effect was negligible in our present experiments; how-
ever, for pulses with a duration of only a few femtose-
conds such pulse broadening might be comparable to

pulse-front delay [see Eq. (27) of Ref. 4 and Eq. (6) of
Ref. 5].

The time-of-flight interferometry can be used to
measure the pulse-front distortion of optical compo-
nents important for femtosecond spectroscopy (e.g.,
lenses, beam expanders, focusing optics of the targets,
prisms, diffraction gratings, pulse compressors based
on prisms or gratings, and Gires-Tournois interferom-
eters}). The technique can also be used to measure the
pulse-front delay accurring in a single lens by forming
a telescope from the lens to be studied and a spherical
mirror.

This research has been supported by the Orszagos
Tudomanyos Kutatasi Alap Foundation of the Hun-
garian Academy of Sciences and the German-Hungar-
ian Exchange Program. The authors thank G. Kovacs
for constructing the nitrogen laser and the reviewers
for their valuable comments.
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Fig. 1. (a} The Michelson interferometer is measuring the group refractive index of the sample inserted into arm 1. One of the mirrors
1s slightly tilted, thus interference fringes are observed on the screen. (b) The visibility of the interference fringes depends on the position
4 of mirror 2 (solid line: sample is inserted into arm 1, dotted line: without sample). The half width of the visibility curves is about the

coherence length of the light source (0.06 mm).

interference fringes appear. When the arms are
empty, interference fringes can be observed only in
case the difference of the length 4 between the two
arms is less than the coherence length /4. The latter
can be estimated as

L.=243/(284) .

If the length of arm 2 is increasing, the visibility of
the interference fringes gradually decreases 10 zero.
The halfwidth of this curve is about /. (see the dot-
ted line on fig. 1b). If a parallel plate of optical ma-
terial having a refractive index of n,(4,) and a length
of L is inserted into arm 1 then the phase shift in this
arm is

¢ =(4n/i0) [(S—L)+Lny,(4e)]. (5)

If the length of arm 2 is increased by 4, then the phase
shift of this arm is

@2 =(4r7/10) [S+4]. (6)

Interference fringes with polychromatic light can be
observed if

(d/ddo) (91 —@2)=0. (7
By taking the derivatives of (5) and (6) we obtain
that (7) is fulfilled if

110

Ay=L(n 1), (8)

where n, is the group index of the optical material
given by (4).

Eq. (8) means that upon introduction of the glass
plate into arm 1, interference fringes with visibility
V=1 are observed only if the length of arm 2 is in-
creased by d=4y (see fig. 1b). If (8) is not fulfilled,
then (7) is also not fulfilled and the interference
fringes formed by different wavelength components
of the polychromatic light source will be spatially
slightly shifted with respect to each other. If |£—4,]
exceeds the coherence length /. then due to such shift
of the fringes the interference patiern will be smeared
out,

Eq. (8) is somewhat surprising, since it means that
in spite of the fact that the introduction of the ma-
terial into one of the arms increases the optical path
by L{n,—1}, an increase of the arm length by
L(n,—1} is necessary to observe polychromatic
fringes (fig. 1b). However (8) is in full agreement
with the physical meaning of n,, since g is the speed
of propagation of the envelope of the light intensity.
The latter statement is valid both for short pulses and
for the intensity substructure of an incoherent po-
Iychromatic radiation.
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somewhat affected by the fact that the group velocity
niself is also wavelength dependent. E.g. at 505 nm
dn,/dig=—1.562x 10~*/nm. However this is a lin-
ear dependence, thus, it is averaged out over the 2
nm bandwidth of the measuring light. At the same
wavelength d?n,/dA3 is about 9% 10~7/nm? which
causes an error much less than the errors due to the
mechanical accuracy of the interferometer. The pos-
sibility to increase the accuracy of the method below
10—* is under. progress.

Simiiar measurements of the group index was made
with a piece of L=197.241 mm long Schott glass F3.
Here the phase refractive index was calculated from
the polynomial specified in ref. [21]. The accuracy
of the agreement between calculated and measured
data of n, were the same as for silica.

5. Conclusions

The insertion of an optical material into one of the
arms of a Michelson interferometer increases the op-
tical pathlength by L(n,—1). However the envelope
of the intensity is delayed by L(n,—1). In this way
the Michelson interferometer using a polychromatic
light source measures the time of flight of a pulse (or
intensity substructure) through a sample. Therefore
it can be used for direct measurement of the group
index. The arrangement is similar to the time-of-flight
interferometer described in ref, [18). The same
principie can be used with other two beam interfer-
ometers {e.g. Jamin, Mach-Zender, Twyman-Green,
etc. ). The method can also be used for measuring the
dispersive properties of optical fibers.

Finally we would like to emphasize that the rela-
tion (8) or (1) is valid both for monochromatic
and for polychromatic light sources. However the
condition to observe the difference between
L(n,—1)and L(n,—1) (see fig. 1b) is that the co-
herence length should be much less than L(ng—n,),
Le.

A3/2040 « Ligdn,/di, . (13)

In our case at Ap=500 nm the value of
L{n,—n,)=1.499 mm, which is much larger than
the coherence length (/.=0.06 mm) of our dye laser.
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Therefore the validity of (8) or (11} could be clearly
proved. However a HeNe laser having a typical co-
herence length of 100 mm is not suitable for meas-
uring the difference between n, and n,.
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