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Aberrations in Temporal Imaging

Corey V. BennettStudent Member, IEEEBNd Brian H. KolnerMember, IEEE

Abstract—Recent advances in temporal imaging allow con- time. There is also a one-to-one analogy between the quadratic
struction of systems that can expand or compress arbitrary phase modulation performed {a, ) by an ideal spatial lens
waveforms in time, while maintaining the shape of their envelope 54 4 quadratic phase modulation imparted in the local time
profile with subpicosecond resolution. The process is analogous to dinater t i ith the i d f The devi
imaging in space, with the quadratic spectral phase introduced coor 'n"_}‘ er rave Ing W' . € image Wav_e orm. “_e evice .
by narrow-band dispersion performing the time-domain role of Performing this operation is therefore considered a “time lens.
paraxial diffraction and quadratic temporal phase modulation A temporal imaging system is constructed by cascading input
acting as a time lens. Higher order phase terms in the dispersive dispersion, time lens modulation, and output dispersion, in the

networks and the time lens modulation introduce aberrations into ; ; :
X ! appropriate balance, analogous to the arrangement in a spatial
the system. The effect each aberration has on the final temporal . pprop 9 9 P

image varies depending on the system configuration and where imaging system. Each Component can .Introduce aberrations
the source is located in the system. A theoretical and experimental Pecause of departures from ideal quadratic phase. For example,
study of aberration effects is presented in this article. the phase response of dispersive networks can generally be
Index Terms—Dispersive propagation, frequency mixing, phase Qescrlbed ,by a Taylor S(.arles expan.S|on. The seF:ond-ordgr term
modulation, temporal imaging, time lens, ultrafast measurement, IS responsible for imaging properties, while third and higher
ultrafast pulse propagation. order terms cause distortion. Similarly, an ideal time lens
provides quadratic phase modulation and the presence of any
higher order terms will degrade the temporal image. This paper
|. INTRODUCTION . . .
o analyzes the effects of deviations from ideal phase behavior
HE GENERATION and characterization of ultrafasf, e gispersive networks and the time lens. These effects
optical waveforms having long and complex structure {§ere considered in the design of the system presented in [19]
of growing importance. For example, experiments planned fopq 120], although not discussed, and will be critical in future
the National Ign|t|0_n Facility v_v|Il require re_cordlng _approx"high-speed instrumentation based on temporal imaging. We
mately 1 ns of a single-transient signal with subpicoseconds, show that strategic combinations of different aberration

preferably 100 fs, resolution. While many measurement tectys ;rces can minimize the overall waveform distortion for a

niques with ultrafast resolution have been demonstrated, mﬁﬁ}en application.
require sampling of a repetitive signal and some are limited ¢ s jmportant to distinguish a few fundamental physical dif-

in the complexity (time-bandwidth product) of the signal thagences between components in spatial and temporal imaging
can be recorded [1]-{4]. Temporal imagings]-[12] allows gystems. A space lens is generally made from a combination
an arbitrarily shaped ultrafast waveform to be magnified o c,rved surfaces between materials of different refractive in-
compressed in time while maintaining the shape of its enveloggyes The transverse phase it imparts depends on the curvature
profile, thereby improving the resolution of an existing megst these surfaces and the indexes of refraction on either side of
surement system. It operates on a single-shot basis, genera§ipgens, we cannot precisely define the imparted phase without
a scaled replica of a waveform within the temporal field gfqing the index of the medium surrounding the lens. We also
view for each occurrence of time lens modulation [13]. have little control over the way a beam diffracts as it propagates
Temporal imaging is based on a space-time analogy betwee o mogeneous spatial system. For large ray angles we cannot
paraxial diffraction and narrowband dispersion [14]-[18k;yny aiter the propagation characteristics to realize paraxial
Both introduce quadratic phase filtering in their respectivg,ngitions. Clever choices of lens materials, curvatures, and po-
frequency domainsp oc (k7 + ky) in space andy o i gjtioning can all be combined to minimize the total system aber-
rations, but it is the system as a whole that must be engineered.
Manuscript received July 24, 2000; revised September 27, 2000. Tflg contrast, the aCt.Ive phase modulation of a time lens is in-
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the frequency domain where convolution with the dielectri 0 ?091%" DELALg;gPERSIO_'; ‘(‘I:gz) 0558
response becomes multiplication with the field spectrum ’ T o - .
82 8 > — — — WITHOUT ABERRATION
ez w) = —wue(W)é(z,w) = A (W)E(z,w). (1) Wi ASERRATION
022 s
For unidirectional wave motion the solution is | _ _

E(z,w) = £(0,w) exp[—iB(w)z]. 2 %o
Now, we are interested in the effects of higher-order pha &
terms on the propagation of an envelope wavefot(n, t) as- i _L_
sociated with the electric field ©
E(z,t) = A(2,t) expli{wot — [o2)] 3) 5
wherej, is the propagation constant at the carrier frequency ~ ° ¥ isTANCE o 20

The Fourier spectrum of this waveform is

. Fig. 1. A calculated temporal ray diagram showing dispersive propagation.
E(z,w) = A(z,w — wo) exp(—ifoz) (4)  The horizontal axis is the distance or accumulated GBPThrough which the

. signal has propagated. The vertical axis is the local timBashed lines show
whereA(z,w — wo) is the baseband spectrum of the envelopge ideal paths of various spectral components while solid lines represent the

A(z,t) translated to the carrier. There is a distinct differenc®tual paths in the presence of third-order dispersive aberratitfis” is that
between (2) and (4). Equation (2) describes the effects of prdjp{used silica at = 1550 nm.

agation on an initial spectrum while (4) is merely a statement of ) _ )

the spectrum of a specific waveform (3). How it evolved upo@foup delay and” is a total group delay dispersion (GDD),
propagation is not revealed. However, if it is to satisfy the waR@ch evaluated at the carrier frequency. The GEYDn (8) im-

equation, it must obey the propagation law (2) and therefore, B§'ts the desired quadratic spectral phase while higher order
equating the two, we find terms introduce aberration.

A useful method for visualizing the propagation of a signal
Az, w — wo) = A(0,w — wo) exp(—i[B(w) — Folz)  (5) utilizes the concept of a time ray [21], [22], the relative
space-time path of a particular spectral component in a trav-
eling-wave coordinate system (Fig. 1). Each ray is associated
éth a spectral componeift and has a trajectory given by its
eviation from the traveling-wave origin = 0 as a function

where A(0,w — wg) = &(0,w). Now it is straightforward to
include the effects of the frequency dependencg(af) by, for
example, expanding it in a Taylor series about the carrier to t
desired order of accuracy

of the normalized propagation distangg”’ = ¢”. This can
Bw) = fo + (w — wo)F + (w — wO)Qﬂ” be seen by calculating the group delay experienced at other
2! . frequencies near the carrier
3/// 3 n
+(w_wO)3/_+...+(w_w0)n/_. (6) oz dp(w)
3! n! ty(w) = @)~ e
Thus, the envelope spectrum propagates according to g e
RY =z </3’ +(w—wo)B" + (w— wo)QT + - ) .
Az, Q) = A(0,Q) exp {—i <Q/3’ + 92§ + - ) z} @ ’ ©)

wheref} = w —wj is a baseband spectral component. The totg}, o 4161 delay of a particular baseband envelope spectral com-
dispersed electric field is found by inverse Fourier tranSformﬁbnentQ — w — wy, relative to the traveling-wave coordinate

. . —1 _ . . .

tion; Z7{A(z, @)} = A(z, ) and substitution into (3). system moving with the optical signal, is
The problem can be further simplified by converting to the

traveling-wave reference frame= t — 3’z and¢ = z. This T4() = t,(w) — £, (wo)

transformation effectively drops the first-order group delay term S &0 38"
¢A, resulting in = QP+ QT 40 s T
5/ 1/ 5/ 111 P 9 1 3(/)////
A6, ) = A0.Wexp i (22 + 05 4. —qp 4+ 2T+ ()

(8) A given spectral component entering a dispersive delay line

) _ ) ) _at an initial timer;,, experiences a frequency-dependent delay

Thus, in a traveling-wave coordinate system, the distortion gf,q |eaves atow () = 7 + 7,(€). The space—time slope
an envelope function is determined by the effects of the highg;(g)/d¢// = dr,(Q)/d¢" is simgply the frequenc§? plus dis-
orde: terms in the expansion gfw) upon the spectrum of the tortions that result from higher order dispersion terms
envelope.

Since dispersion characteristics often change for different rel(€2) _ al1+ Qp” n @pm g
gions of a dispersive system it is often easier to work with the d¢” 2t g 3 g7 (n—1)1 p"
total spectral phaseé(w) = >, &.8.(w). Thus¢’ is a total (11)
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These dispersive aberrations can be ignored if GROUP DELAY DISPERSION (ps®)
0.000 -0.140 0.279 0.419 0.558
"2 g n—2 g(n) T ! ©
9[3_ Q_ ﬁ_ . & __ﬁ <1 (12) — — — WITHOUT ABERRATION /
21 /3//’ 3! /3// ? ? (7’L _ 1)! /3// WITH ABERRATION  —28in _

over the frequency range of interesty, as determined by the

bandwidth of the signal or any spectral filtering processes in th — o
system [23]. We will use the half-maximum frequer@y = e 0& 20 E
Aw/2 to evaluate the relative importance of these aberrations =~ D ———— Y3

Fig. 1 is a temporal ray diagram showing the dispersion of
30-fs pulse. The dashed lines show ideal paths with slopes cc
responding to their frequendy while the solid lines include
the distortion that results from the third-order dispersive abe!
ration in (11). While the ray approach does not give a complel 0 s s P 20
solution to the envelope, it is an intuitive tool for visualizing DISTANCE (m)
the effects of aberrations. The actual output envelope in Fig. 1
was calculated using (8) and is consistent with the ray modelifil- 2. A calculated temporal ray diagram showing strong dispersive
approach. In this exampléfuy ")/ (213") = —0.125 and DTS, Dasned Thes S e ea spect pas vl ol ines
we see that thetQygy frequencies have shifted 12.5% froms four times that of fused silica at = 1550 nm.
their delay in an ideal system. Higher frequency components

are shifted even more and the superposition of all componegif/en at a modulation frequency,, has a phase profile
produces a pulse that is distorted to one side. As the magnitl@@,) o cos(wy,7), which is only approximately quadratic at a

of 3" increases further (Fig. 2), different spectral componenggisp of the sinusoid. Care has to be taken to restrict the signal
within the Signal bandwidth start haVing the same group delqw, a usable aperture, =~ 1/“—)771 centered on a cusp or h|gher
the span of time rays is strongly distorted to one side, and thgjer phase terms will produce aberrations in the system [10],
interference of these spectral components produces a long [t2d]. Other time lens mechanisms have also been demonstrated.
of decaying oscillations [24]. The important equations, (8) anf the case of cross-phase modulation [33], the imparted phase
(10), for both modeling approaches are gathered in Table I. profile is determined by the pump pulse intensity profile.

It should be noted that, in this analysis represents a gen- The resolution of the imaging system in the absence of any
eral carrier frequency. In systems using a parametric time le@gerrations is inversely proportional to the bandwidth imparted
the carrier will change due to the frequency conversion proceg§. the modulation processr o 1/Aw. Fundamental tech-
Each dispersive delay line must then be evaluated at this ngial challenges in obtaining a strong quadratic phase modula-

(s5) awiL

(sd) 3w
ot 02 041

frequency. tion over a long temporal window with minimum higher-order
phase limits the bandwidth and thus the performance of those
[ll. HIGHER ORDER PHASE EFFECTS INTIME LENS approaches.
MODULATION On the other hand, linearly frequency-swept optical pulses

The function of an ideal time lens is to impart a quadretio- with very large bandwidths are easily produced with various

poral phase, or equivalently, an instantaneous frequency chffi!e" techniques, such as dispersing pulses from femtosecond
dw; /dr = d>®(r)/dr?|.—o, whered(r) is the imparted time lasers. Combining these pump pulses with the dispersed signal

lens phase profile. The ideal envelope out of the time lens}&@veform by nonlinear mixing imparts the quadratic phase of

Aoue(T) = Ain(T)H(1)P(7), where the pump to t_he signal at t_he sum or differe_nce frequency and
therefore achieves the desired time lens action. Our recent work
i has concentrated on these parametric time lenses and their ap-
H(r) = exp(i®(7)) = eXP< 5 ) (13) plications to temporal imaging [19],[20],[34]. Numerous ideal-
i ized configurations using both sum- and difference-frequency

is the time lens phase modulation function ang) is the am- gen_eration (SFG gnd D'.:G) haye l_)ee_n analyzed [21]. Ir_‘ acom-
plitude modulation, or pupil, function. For simplicity, we will panion paper we investigated limitations to the resolution and
ianore manv of thé finite te,m oral a.erture effects,which a}‘ieeld of view that result from spectral filtering effects in these
c?iscussed ir)wlmore detail eIsevI\D/here [EO] [11], [23]. The modsystems [23]. An additional benefit of this technique is that
lation strength is characterized by a physical focal lergtbr c [:f)hl?se proflllle do(fj.the pump pulse can be adquted th;ough
2 focal GDD carefully controlled dispersive propagation or Founertra_ns orm
pulse shaping [35], [36]. In principle, an exactly quadratic tem-
=603 = —(dw; dr) L 14 poral phase can be impar'Fed with this technique, producing an
s =&f (dews/dr) (14) ideal time lens phase profile.
which can be shown to be the dispersion required to remove the® réalistic time lens phase profile may be described by the
frequency chirp that has just been imparted. Series expansion

Early optical time lenses were produced using electro-optic ) , & 5 O nq)(n)
phase modulators [25]-[32]. An electrooptic time lens ®(7) = ®o+ 7"+ E TR e (15)
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TABLE |
EQUATIONS MODELING THE COMPONENTS OF ATEMPORAL IMAGING SYSTEM. THE TERMS IN SQUARE BRACKETS
ARE RESPONSIBLE FORABERRATIONS IN THE SYSTEM

System element Modeling approach Equations
¢/// ¢IIII
Dispersion R'a'y Tout = Tin + Q¢" + I:Qz _2‘— + QS T +-- ] 3 Qout = Qin
1 1t 111t
Bavelope  Aout(%) = Ain(€) exp (—z (m? " {m? pam & ]))
QII/ QIHI
Time Lens Rﬂy Tout = Tiny Qout = Qin + 7 " + [72 F + 3 ? + - ]
Q” QI/I @l/l!
Envelope Aout(T) = Ain(7) exp (z (7‘2—2‘— + [13? +74 Tt ]))

where®, is a constant which may be ignored. Each derivativever the width ofP(7), but this may not always be the case.
is with respect to time and evaluated at the center of the tirhike Qpy, the half-maximum transmission poiffyy = 7,./2,
lensT = 0. The instantaneous frequency imparted by the lensigherer, is the full width at half maximum oP(r), is a conve-
given by the derivative of the phasg(r) = d®(r)/dr and, of nient time at which to note the strength of these aberrations.
course, this spectrum is added to (or subtracted from) that of therjg. 3 shows how a third-order time lens phase aberration
input waveform. The constant term;(0) = ¢', is a frequency \ould manifest itself in a pulse compression application. The
offset from the input carrier which, if stable, plays no importanqpyt can be viewed as a very long, narrow bandwidth pulse or
role in the image formation. It may result from the SFG or DFGjmply continuous wave light. The lens has phase tebfhs=
mixing in the parametric time lens or an imperfect quadratig; x 285 GHz/ps andb’” = 2 x 2.76 GHz/pg, and a Gaussian
phase in an electro-optic time lens. In either case, we may digpyil function withr, = 51.6 ps. The output of the time lens has
this static term and define the instantaneous frequency shift gery broad bandwidth, which, if imparted only linearly, would

to the time lens as result in a compressed 30-fs pulse one focal dispesjdinom
Qp(r) = de(r) {dfb(ﬂ} the time lens. Instead, the aberration produces a nonlinear fre-
’ dr dr |, _o quency shift, which in this example givésy @)/ (2!0") =
. =2 G —0.125, and results in a 12.5% error in the imparted frequency
= 73" <1 o T T mv) (16) (16) and thus the delay through the output disperslgn ¢,

) ) ) for a time ray entering the lens afyy;. Third-order temporal

A time ray representing a frequency, entering a conven- phase causes a frequency shift and output time delay that are
tional time lens at a time will be frequency shifted t6lo.c = shifted to one side, producing a blurred tail analogous to coma
Qin + €21 (7). This “bends” the time ray since it must propagatg, spatial systems. A fourth-order term would cause a frequency
through the output dispersion in accordance with (11). By drOthft, or focal dispersion change, that is symmetric abotit0.

ping the static frequency offset from our definition@f.(7), This is analogous to how the focal length varies symmetrically

we have “aligned” the output dispersive network with whateveyhout the optical axis in the common case of spherical aberra-
new carrier frequency is generated. The temporal ray perspggn for spatial lenses.

tive is again a powerful technique for understanding the under-, . . . . .
. . . . . Again, the time ray approach is a useful tool to visualize
lying physical process that is occurring in the time lens.

The third and higher order temporal phase terms in (1 espace—tme flqw of energymthg travelmg—wavg coordinate
. . . System, but since it does not quantify amplitude or interference
have made the imparted frequency chirp time-depende

"~ . : effects it does not reproduce the actual output waveform. We can
duw;(7)/dr = df2(r)/dr, producing a time-dependent focal\/isualize amplitude effects by shading the lens to reprei8ény

GDD : : . ; .
and varying ray line thicknesses to represent their relative spec-

—1 — M tral intensities, as shown in Fig. 3. The total effect of the time

</)'J§(T) dr lens may be modeled by utilizing the full envelope expressions

9 QMM 72 P or we can derive physically insightful expressions that indicate

= <1 T o T 21 o1 - ) a7) approximate system results by tracking the path of individual

. . L rays. The expressions for both approaches are again collected
The chirp rate imparted at the center of the lens is sindgly inYI'abIe | P PP 9

thus the central focal GDD ig’;(0) = —1/®". Higher order
terms produce a distortion that increasegrag increases and
we get closer to the edges of the time lens aperR(re). We
may ignore the higher order terms if the frequency perturbati
they produce in (16) is small

It should be noted that the complex conjugate produced by a
DFG time lens [21] can introduce sign changes in many of the
eqguations in this article. Aberration effects in conventional time
%hs systems still apply to DFG systems, although in some con-
figurations the results may have to be spectrally or temporally
T O 72 =2 @l reversed. This distinction will be ignored in the remainder of
25 3o ot e < (8 s paper.
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GROUP DELAY DISPERSION (ps?) INPUT TIME AT ANY OUTPUT
LENS  POSITION
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Fig.3. A calculated pulse compression ray diagram with aberration causedfti§- 4. Ray diagram schematic of an ideal temporal imaging system. For any

third-order time lens phase. Nonlinearity in the imparted frequency chirp makd time rays, there is a relationship between their arrival times and frequencies

the focal dispersion’/ dependent on the input time. Ray thickness indicatezé‘at) is constant everywhere in an ideal system, the temporal LaGrange invariant
25).

intensity due to Gaussian pupil function.

IV. TEMPORAL IMAGING equivalent of the LaGrange invariant, we must find a quantity
relating these two time rays that remains constant with disper-
sive propagation (in the narrowband approximation) and that is

In an ideal system, propagating an input wavefo#i(7)  ajso unchanged by the linear frequency chirp imparted by the
through an input GD{, a time lens modulation characterizeqdges| time lens.
by a focal GDD¢';, and an output GD3, in accordance with  Neglecting the higher order terms in (10), through any section
the temporal imaging condition of ideal dispersive propagation the two rays must satisfy

1 1 1

r + = (19) Tl,out = 71,in + Qld)// and T2,0ut = 72,in + Q?¢//' (22)
A

produces an output waveform [10]

A. ldeal Temporal Imaging

Relating these two rays through the common GDD

. T1l,out — T1,in T2,0ut — 72,in
1 —'1'7_2 — T — (f)” = =0~ (23)
Aout(7) = exp< ) Apn(r /M) (20) Q1 Qs
VM 2M ¢
Collecting terms from the input on the left and the output on the
where the temporal magnification is given by right gives
—1
(/)H (/)H ! in(2 - in(2 = ou Qs — ou Q. 24
M:_¢_’2’:1_¢_’2’: 1__/1/ ) (21) T1,in%42 — 72,in%41 = Tlout 42 — T20ut3 i1 (24)
1 f f

Although these rays will move in time relative to the center of
The last two forms of the magnification are convenient whethe wave packet, the difference in arrival time of one ray mul-
propagating time rays through focused systems, such as thtysked by the carrier frequency of the other is unchanged by
discussed in Section V. The output is a temporally scaled repli¢se dispersive propagation. A similar process can be followed
of the input waveform with a residual frequency chirp equal tasing (16) (neglecting higher order terms) to investigate the fre-
that which is imparted by the time lens divided by the systefuency change of these two rays upon propagation through an
magnification. ideal lens. Relating the two expressions that result through the

_ focal dispersion, we again find that the quantity
B. LaGrange Invariant

A very useful quantity in spatial geometric optics is the La- I =78 — 7y (25)
Grange invariant [37]—-[39], an expression relating the slope and
position of any two rays that is constant everywhere in an idehke temporal equivalent of the LaGrange invariant, is also un-
system. Once determined it can be used to find ray parametelnianged by the modulation of an ideal lens and we must con-
at other places in the system, skipping many of the intermediaiede that it is constant everywhere in an ideal temporal imaging
steps. It also provides a standard from which to measure the gfstem.
fects of aberrations. The rays shown in Fig. 4 are a special case that can be in-
Consider the propagation of two rays through an ideal tersightful. Ray #1, in particular, is an axial ray having an initial
poral imaging system as shown in Fig. 4. To find a time domainput time of7, ;, = 0 at the object position and is imaged at
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INPUT TIME OUTPUT

A LENS

the measurement techniqgue known as “Spectrally Resolved
Up-conversion” [40] is essentially this process and was used
to characterize both the time lens and input dispersion in
our system (see Section VI).

C. Misfocus in Ideal Temporal Imaging

Configuration errors or fluctuations in the temporal imaging

]
]
1
1
1
7 1 . ) : : .
) _//
| 1 system can misfocus it, producing a slightly blurred signal
< :
1
[ ]
L}
L}
1

7
" Qi = 0" . even in the z_ibse_nce of higher order phase aberrations. Time
el : - lens modulation is an active process, thus the focal dispersion
w] | | w may change due to instabilities in the modulation process,
= FggS'—' 2 such as changes in the pump laser pulse of a parametric time

"é';lg > | ¢//| :(_ OuTPUT lens. Dispersive systems may have a different GDD at slightly
7 s ) EPP different wavelengths. If the center wavelength of the pump
€ |27 >t |45 >]

or input signal drifts, their effective GDD may change. Their
GDD may also vary slightly due to thermal or mechanical

Fig. 5. Temporal ray diagram of the Spectrally Resolved Up-conversiGgtapilities. There is always some uncertainty in the accuracy
technique [40]. Recordin§..: versust;, gives a measure of the time lens

chirp and thus its focal dispersiast/. This approach was also used measur¥Vith which system components are configured.

the input dispersion (see Section VI). Consider a general time ray propagating through a temporal
imaging system as described by the expressions in Table I.

(Throughout the derivations that follow subscripts [in] and [out]

the output tory oy = 0. Ray #2 can be any oblique ray. Evaly iy refer to values at the input and output of the system, while

uating the temporal LaGrange invariant (25) at both the objeﬁ7 in] and [L, out] will refer to the input and output of the

and image positions gives time lens.) The input ray could be depicted by any one of the
rays in the bundle around Ray #2 in Fig. 4, with its ideal path

72,in$¥in = 72,0ut$21 0ut (26)  shown in the figure. If Ray #2 originates from,, it must have
a frequency?,, = —7in /¢! in order to propagate through the
or center of the lens. Any other ray in the bundle originating from
i May have a frequenc®i, = (—7in /¢y ) + AQ, whereAQ2
72,0ut. Ql,in H . ; .
M= = . (27) s some frequency offset. Thus this ray is completely general in
72,in 21 0ut that its input time can be adjusted by choosifgand its input

We see that the magnification of the ideal system is not o flrequencyQin is adjusted by choosing<}. We may propagate

given by the ratio of the arrival time at the image to the initi;lkfk{.IS ray _through the. temporall 'maging systfam, fa”OW'ng fqr a
time at the object for any off-axig,, # 0) ray butis also given slight m'SfOCl.J? by. simply not.|mposmg the imaging condition
by the reduction in frequency for the axial ray. (19) or m_agn|f|cat|on expressions (21). .

Other forms of the LaGrange invariant formulas are often Atthe input to the time lens, the ray time and frequency are

. _ /1 . — . 1 I -
used as a basis for measuring aberrations. When a ray entér® — ¢1AG, andQ in o (.2”“' The lens ogtput time is un
angedyr ot = 71, bUt itis frequency shifted to

alens parallel to the lens axis, the exit angle depends on the dis
placement of the input ray from the axis. The output acquires a
new spatial frequency corresponding to this exit angle. In spatial i —Tin &
lens design, coma can be tested by plotting the fagipsin oy Qrout =QLin— —5 = o +11- p AQ. (28)
[39], whereh, is the offset of the incident ray, ard,.; is the 4 ' 4
angle the output ray makes with the optical axis. To prevent
coma, this value, which is equal to the focal distance measurBuk first term is simply the unmodified frequency that propa-
along the image ray, must be constant for all heights of the inpuates through the center of the time lens, such as that of Ray #2.
ray. The second term shows that the input frequency differéxee

The time domain equivalent to this test can be performésl modified. In a focused system the fractional difference be-
by scanning a time lens with an input pulse which has taeen the input and focal dispersion is the reciprocal of the ideal
reduced bandwidth centered &t= 0, as shown in Fig. 5. magnification (21). For example, a magnificatiomdf= +100
By definition, this input pulse would propagate “parallel” taequires(¢! — </)'})/</)" = —0.01 which dramatically reduces
the temporal optical axis, staying at a fixed offset time whilthe frequency offset. This is also expected from the LaGrange
propagating through the input dispersion. Scanning the inpovariant (25), knowing that two rays originating from the same
time 7;,, and measuring the output frequery,,;, we should input time would ideally focus to the same output time. Since
find that the quantity—7;, /Q.wu iS constant and equal to thetheir ideal output time is magnified, their frequency difference
focal GDD ¢/;. Any deviation indicates higher order phasenust be reduced by the magnification.
terms that produce aberrations in the system. Although notThe frequency out of the system is unchanged from that ex-
presented in the context of time rays or temporal imaginging the lensQqy; = Q1 _oust, but the time of each ray will be
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shifted by the output dispersion A. Output Dispersive Aberrations
Assuming an ideal input dispersion and time lens modulation,
Tout = TLout + QLout the output time from the lens and frequency from the system are
" y unchanged from those in Section IV.C, except that now the mag-
= ¢/ AQ — (/)_/2/% +[1- (7)_/1/ AQpY nification (21) may be used to simplify the expressions. That is
oh P’ TLouw = ¢ AQ and
_ ¢H _ ¢H ¢H . AQ
- d)_,{?ﬁn +UAQ |1 - ¢’{2 - d)_’jﬁ (29) Qout = Uous = % + 55 (31)
1
=P "o 1 1 1 The time of each ray will be distorted by the output dispersive
=gy + ¢1 P AL e + | (30)  aperrations

/!
Tout = TL,out + QL,outd)Q

Consider the response of this system to an impulsg,afhe , Y I

. ; i i i i + | -+ ——

first term in (29) and (30) is the ideally magnified output time. [ L,out g Liout "oy }

The transmitted spectrum would be centere@gt= —7i, /¢! 1 o

and propagate along Ray #2. The arrival time of the impulse = My, + |:Q%,out2_2, + Q%,out% + - } . (32

would be magnified by-¢4 /#7 but other spectral components

Qin = —7in/dY + AQ might not focus to the same output timeThus, the output temporal error depends on the output frequency
as determined by the error produced by the second term whi{84), which is unaffected by this aberration, but which is mod-
blurs the impulse response. The square bracketed term in (#i@d by the time lens.

contains two versions of the magnification (21), which if prop-

erly focused would cancel. Expressed in an alternate form, fRe Input Dispersive Aberrations

bracketed term in (30) is recognized as an imaging conditionAt the input to the time lens the frequency is unchanged, i.e.,

(19) error. Qrin = Qin. The arrival time at the lens, including the input
It is important to recognize that small errors in the input adispersive aberration, becomes

focal dispersion can produce significant blurring for systems " .
with large magnification. Continuing th® = +100 example TLin = Tin + Qind) + |:Q.2 P + 03 i + - }

from above, if¢} and¢’; are known to-25% then the error in -2 -3
their percent difference could b£50% of the difference, i.e. " 2 ¥ s

. r = AQ Qf = 4+ el 33
(¢f — ¢4) /¢ = —0.010 & 0.005. Knowing that¢y ~ ¢ o1+ [ w21 + i 3! + (33)

and assuming the input bandwidth is approximately the sa
as the time lens modulation bandwidth; AQ for the larger ,
spectral components is comparable to the time lens duration 6"

Rfter an ideal time lens, the time of the ray is unchanged,
= 7r.in, DUt its frequency is shifted

the system’s input field of view [18]. An additional blurring at ot = QL ows = Qp o — TL,in

the output on the order of half the time lens duration would ’ Y

be reasonable to expect. Fine tuning capability is crucial for r AQ 1 11 g
getting such a system properly focused and the stability of the = d),j“ + SV W <an2—1' +Q3 ;l + .. )
time lens modulation and input dispersion are very important for L f ’ ’

maintaining proper focus. The same is true for output and focal (34)

dispersion errors in systems with large compres 1. i . .
P y 9 presgidh < The first two terms represent the ideal frequency out of the time

lens (31). The termin the square brackets is a perturbation in the
V. SPECTRAL AND TEMPORAL PHASE ABERRATIONS output frequency that results from the input dispersive temporal

To investigate the aberration effects of various higher ordSFffrt'n (33). ting th h ideal outout di ion th .
phase terms in an imaging system, we may calculate the rzﬁ/ €r propagating through ideal output dispersion the ray 1S

aberration, both the spectral and temporal output errors, ag%uﬁﬁed to atime
utilizing the propagation equations summarizedin Table l. Ana- . _ . 1. -
lyzing each type of aberration source independently, for various ’ ’

11 1111 /1
input ray conditions, will lead to a better understanding of the = AQ¢! + [Q?nd;—l‘ + Qf’n (/):; + .. } _ #
significant effects each produces. ) ) 1
Consider a general time ray entering a focused temporal g3 AQ ¢ <Qg ¢ P P17 +>
imaging system, i.e., (19) is satisfied and thus (21) can be M P\ 2! in 31
applied. We will again utilize a general input ray with a timg 1 G
and a frequenc¥l;,, = (-7 /¢Y) + AQ, depicted by one of =Mmn + [M <an2—1' +Q3 ?;L' 4. )} . (35)

the rays in the bundle around Ray #2 in Fig. 4. Throughout the
remainder of this article, the perturbation from ideal time rayhus we see that the output time is given by the ideally magni-
propagation shown in the figure will be kept in square brackefged time plus a magnification of the temporal error introduced
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while propagating through the input dispersion. Unlike output s:g:
dispersive aberrations, input dispersive aberrations also distort 0.6 -
the spectrum because of the temporal perturbation they intro- 8:3 ] a) No aberration
duce at the input to the lens. 0.0 -
10— -8b0 -600 -400 -200

C. Dispersive Aberration Summary 5 8-2 ]

Consider what these equations show about how dispersive 5; 0.4 — .

. . L 2 0.2 b) Input aberration

aberrations affect the impulse response of a system. One might ¢ ¢.0 — )
assume that if similar technologies are used for the input and £ 0 -8po 600 400 200 0
output dispersive delay lines, the higher order spectral phase g ]
terms would be approximately related by the system magnifi- 8-2:
cation, i.e.,py ~ —M¢Y since¢y = —M¢/ is required. 0.2 - c) Output aberration
Comparing (32) and (35), the difference in the temporal aberra- 00—
tion produced is determined mainly by where the frequency of 1.0 -800 -600 -400 -200
the ray is evaluated. A true impulse has an infinite bandwidth 8_2: !
but the finite temporal aperture of the time lens would limit g-g: ! d) Input and output aberration
the transmitted signal to a finite bandwidth centered around ¢ - !

Q = —7in /¢, as shown by Ray #2 in Fig. 4, or slightly shifted -800 -600 -400 200 0

in the case of input dispersive aberrations. Bdg = 0, the Time (ps)

input frequency?;, in the input dispersive aberration case (35)

i Fig. 6. Modeled temporal images of a three-pulse input waveform from a
IS. the S?me as the. lens output frequemyom for the OUtpu.t system withAM = +100. The figure shows the effect of input and output
dispersive aperrauon case (32), thus t.he t.emporal error intfsersive aberrations;” andoy’.

duced to the impulse response arrival time is approximately the

Sag]ﬁ’,rmg in the shape of the impulse response will be pro- These effects are shown in the full envelope modeling results
duced by variations in the temporal aberration over the barff-Fig. 6. This model is for a DFG temporal imaging system
width originating from a given input time. ThAQ/M term With magnification ofM = +100, a time lens pump of 20-ps

in (31) dramatically changes the transmitted bandwidth origiVHM, and linear chirp producing a focal dispersigfi =
nating fromr,.. For a system with large magnificatio/| > —(dw/dr)™" = (27 x 275.8 GHz/pg~*. The input test pat-

1, the input dispersive aberrations will contribute much mof€™ is three 100-fs FWHM Gaussian pulses;at= 0.5,0.0,
substantially to distorting the impulse response shape than vlld —8.0 ps. The aberration included is that dueptt with
contributions at the output because of the much broader bafif ratios” /5" equal to that of fused silica at = 1.55 um.
width at the input. For a system with large compressijafi, < Clegrly, including input dispersive aberrations in Fig. 6(b) dra—
1, these roles are exchanged because the larger bandwidt@@ically changes the shape of the pulses while only a slight
then at the output. shift in the pulse timing is observed. With only the output dis-

It is also important to consider that signals of common irR€rsive aberrations in Fig. 6(c), we see that the shapes of the
terest in ultrafast optical systems may have bandwidths compases are still very Gaussian but that the pulse out at the edge
rable to that of the time lens modulation and thus may be mdrbthe field of view has been shifted an extra 4% fromits ideal lo-
appropriately viewed as the temporal analog to spatial beaﬁ?gion. Including both input and output dispersive aberrations in
propagating through lens systems. A signal made up of a &dg. 6(d) produces an accumulated effect. Fortunately the dom-
ries of pulses at the carrier frequenay, equivalent to all being inant effect of an aberration helps identify its source and thus
centered af2;, = 0, would propagate with a constant tem&an be used to improve the system.
poral offset through the input GDD, analogous to beams prop-
agating parallel to the optical axis in space. In this case, inddt Time Lens Aberrations

aberrations would not significantly affect the arrival time, only Now let us consider ideal input and output dispersive delay

the shape of the signal as discussed above. For a system Yyiilis it aberration introduced by a higher order time lens
large magnification, the output dispersion would be eXpeCtﬁﬂase modulation. Given a time ray with an input timeand

to primarily distort the output time of the pulse in accordancgfrequencﬂ = (—7in/@") + AQ, the time and frequency at
with (32), where the central output frequency for each pulseys, input to the time lens are, 1, = ¢/ AQ and, i = Qin.

L1 oue _Ti“/d)/f' The output time versus input time is now The time out of the lens is unchangeq,..; = 71 in, but it is
frequency shifted to

2 3
Tin d)/// Tin d)////
Tout = MTin + <W> 2_2' - <W> 32' +- - (36) " ) o 3 M
f . f . QL,Out = QL,in + TL,in(I) + |:7_L,in7 —+ TL,in? + .. :|
whereM is the ideal linear magpnification without this aberra- _ "Tin AQ + |2, " + 3 o™ 4+
tion. The observed magnification,: /7;, is now curved by the ¢! M Lyin oy Lin gy

output dispersive aberrations. (37)
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wheregs = —1/¢" is used in (21) to simplify the above ex- TS TRE e DISTORTED
pression. The output frequency is the same as produced by g7 ] PuLse Y ABERRATION IMAGE
lens, Qo = Q2L out, DUt after the output dispersion the time is —,’53 e ARERRTION
g L
20 T -
Y ) M 5 M 4 pu o — — =
Tout = MTin + |5 { Lo + 7L+ )| - (38) Eo- -

) - i

& —
We see that there is both a spectral and temporal perturbat -20f ~ g = &
that depends on the arrival time of the ray at the lens and t : o ,%'f
nonlinearity of the time lens chirp. 40k = B,
~Inan ideali;ed case, the infinite bandwidth of an impyls L Y 8 = —2.23 ps? 3
input would disperse to overfill the lens. Assuming the tim < ¢ — 0705 ps?
lens phase aberrations are at least small over the duration GROUP DELAY DISPERSION (ps?)

its transmission functiod(7), the majority of the transmitted
signal would have propagated through the lens close enouglFitp 7. A calculated ray diagram of a imaging system with = —3 and

71, ~ 0 as to not be perturbed significantly; thus, there is Ve@perration produced by a third-order time lens phase. The effect is similar to
|'ttimd' torti fthei | 2! i ’ R oma in spatial imaging systems. The input is a transform-limited 60-fs pulse.
ittle distortion of the impulse response arrival time. Rays ProRe input rays span from 20y (top) 025y (bottom).

agating through the outer edges of the time lens are perturbed,
producing a distortion to the shape of the response. Odd-ord
.temporall phase terms will produce a qurring. toone sideofth "} . (@) DEAL IMAGE /3
image, similar to the blur produced by coma in spatial system: ] e (b) W/ LENS ABER.
Even order terms produce a blurring that is symmetric and morgZ 0.2 - = = (L WILENS AGER.

. . . . ORRECTION
analogous to spherical aberrations in spatial systems.

The light from a short temporal feature with a finite band-
width may propagate through the time lens near one edge, sir
ilar to how a beam could propagate in space. In this case, bo
the output time and center frequency would be distorted appro: 0.0
imately as given by (37) and (38) for the pulse’s central time ra
(spectral component). The time lens pupil functiBfr) and
SpeCtral filtering ef.feCtS [23] Can shift the center of the tran"?:_ig. 8. System aberration minimization by combining different aberration
mitted spectrum slightly, modifying the total effect on a pulSgources. The imaging system is the same as in Fig. 7 with the input pulse at
from that predicted by calculations of a single ray. mim = 0. The calculated output waveforms are with: (a) an ideal lens and

Fig. 7 shows several temporal rays propagating from an (jp other aberration sources; (b) the same third-order time lens dédsas
9 P yS propag 9 l?n Fig. 7; and (c) time lens aberration corrected by adding input dispersive

tre}short input pulse, through a SyStem Cont.aimng alens Wiﬂbl?erratiortb’l” (¢4’ = 0), in accordance with (40), to minimize the cumulative
third-order temporal phase, and forming a distorted output temm-axis effect.

poral image. The system is configured feBx magnification
and uses the same time lens as in Fig. 3. The lens has ageon example, consider a system with all three sources of
been shaded to visualizB(r) and the thickness of rays hashird-order phase, resulting in the aberrated output time
been changed to indicate relative magnitudes of each spectral )
component. The output waveform was calculated using the en- —Tin ¢Y’
. : X . . M +AQ)
velope modeling expressions in Table | and shows a distortion @Y 2!
to one side consistent with the ray diagram. 2
—Tin  AQ 5 o P
+ +=r ) o T (YA
@Y M 2! 2!

E. Total System Aberrations (39)

0.3 4

0.1+

INTENS

-4

TIME (ps)

Tout & M7 +

To first order in the resulting perturbation, the total ra)lén an a_pphcat_lon where the on axisi, %.0) |mpuls_e response

. . ) S hape is of primary importance, balancing the third-order phase
aberration of a system with multiple sources is simply the sum-

. o . such that

mation of the individual results. Thus, a summation of the terms
in square brackets from (32),.(35), and (38) approximately M + ¢ /M? +¢/1/2 1M = (40)
gives the total temporal aberration of a particular ray. The best
overall system performance will be achieved by designing easlould remove the temporal ray aberration at the output for all
component to have no aberrations, but if one aberration soungput frequencies and improve the impulse response shape. This
is unavoidable, introducing others to minimize this summatiazan be seen in Fig. 8, where input dispersive aberration was
over the spectral and temporal range of interest can perfoatided ¢’ = —7.1723 x 10~3 ps’, ¢4/ = 0) in accordance

system-wide aberration minimization for a given applicatioiwith (40) to improve the on axis response of the systemin Fig. 7.
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Fig. 9. Temporal imaging system configuration [31]. The dispersive delay lines are constructed with folded and multipassed grating systemsehestim
produced by sum-frequency generation with a chirped optical pump pulse.

Adding the dispersive aberration has removed the series of pmeeasured focal GDD and the desired magnification. The input
pulses generated by the time lens aberration, instead produdiigpersion was repeatedly adjusted and measured (Fig. 11) until
a single shorter pulse and a broad pedestal. it was 1% less than the focal dispersion, as required by (21) for
M = +100. The output dispersion was then set for its desired
value using the measured angles and grating spacing but the ac-
tual GDD was not measured. The measurements reported here

The configuration (Fig. 9) and experimental results of were taken at a later date, with the changes indicative of system
parametric temporal imaging system with *03emporal stability and measurement errors.
magnification and better than 178 fs resolution (including final The chirped pump was generated by splitting off 50% of
recording system) have been reported [19], [20]. Recenttite laser beam and dispersing it in a folded and multipassed
more detailed measurements of this system were perfornwgdting dispersive delay line [18]. The grating had 600 lines/mm
over a longer temporal range and revealed further details arid was set at an incident angle of 25.W/hile designing the
aberrations and misfocus. system, it was observed that the third-order phg&émparted

The experiment used a modelocked Ti:Sapphire laser, ptir a commercially available dielectric mirror was opposite in
ducing time-bandwidth limited 87-fsXw = 30 x 10'? rad/s) sign and one-quarter the magnitude of the expected third-order
pulses at a center wavelength of 830 nm as the source fréanthe planned grating system. Its GDD was only 1% of that de-
which both the input test pattern and time lens pump pulse wesieed; thus, these mirrors could be added to the grating system
generated. Since the input and pump were at the same waaed easily compensated for by adjusting the grating spacing.
length, an SFG time lens resulted in an output wavelength Dfiey were used for the horizontal folding mirrors, which reflect
415 nm. Because of the peak power handling requirementstioé beam a total of four times, thereby removing the expected
the input and pump dispersive delay lines, the difficulty in prahird-order term from the pump dispersion system. Without this
ducing guided wave structures at a 415-nm wavelength, and #ieerration correction, the third-order aberration strength (12),
need for adjustability, we used diffraction grating delay linesvaluated at the half maximum frequer@yy = Aw/2, was
[18] and [41]. expected to be aroun@nwe),’)/(2'¢)) ~ —0.01. Although

The system was initially designed for a magnificatiodé6f=  already small, an order of magnitude reduction was expected by
4100 and a temporal field of view [23], or record length, of apadding these mirrors. The measured pump dispersion (Fig. 10)
proximately 5-ps FWHM. The pump GDD, the physical GDB®hows no sign of higher order dispersion, with the fit giving
used to create the chirped pump, was set approximately afjfl= —0.17666 ps’ & 0.00049 ps (or £0.28%).
then measured using Spectrally Resolved Up-conversion [40]The other 50% of the laser beam passed through an optical
(see Fig. 10). Since the input pulse was initially time-bandsolator and Michelson interferometer used to generate a two
width limited, the focal GDD is opposite that used to creatgulse test pattern. The delay arms of the Michelson were
the chirped pum ’Jﬁ = —¢}. Once the pump GDD was set,adjusted with+0.67-fs round trip resolution. The signal then
the required input and output GDDs were calculated using theopagated through a positive dispersive delay line. It used

VI. EXPERIMENTAL RESULTS
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Fig. 10. Spectrally Resolved Up-conversion [37] measurement of the purfy. 12. Frequency out (relative to a carrieat= 415 nm) versus input time
dispersion. Third-order phase of the grating system was canceled by that of ffmrone pulsedQo.:/d7in = —6.0244 x 10*2 rad/s/ps.
dielectric mirror reflections. Focal dispersion is opposite that of this physical
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scanned through the field of view. Fit gives,; = 102.07;, + (0.905/p9 7?2

Fig. 11. Spectrally Resolved Up-conversion [40] measurement of the input
dispersion. the system impulse response width but does slightly reduce the
temporal field of view [23].
a 600 lines/mm grating set at an incident angle of 23.17 The output dispersive delay line was constructed with a sim-
The system was folded vertically and made to have podiar folded and multipassed design as the pump dispersion. The
tive GDD using an off-axis telescope which consisted of @utput signal, now at a center wavelengthof 415 nm, was
parabolic mirror and flat mirror one focal length away [41]dispersed by a 3600 lines/mm grating. The angle of incidence
A pair of metallic mirrors, normal to each other, were alswas42.8° + 0.1°. Although the folding mirrors were dielec-
used to displace the beam vertically and send it on a secdnd, their single stack design had a dispersion insignificant in
pass through the system. The GDD of the optical isolat@pmparison to that of the grating system and were, therefore,
Michelson components, and grating system were treatedigisored. The grating-to-grating path length along the beam is
one total input GDD system and measured together (Fig. 11J1.5 cm =+ 1.0 cm (or£0.6%). The calculated output disper-
resulting ing} = 0.17578 ps® £ 0.0006 ps* (or £0.34%) and sion parameters ag, = —16.719 ps* and¢s’ = 0.05102 ps?,
#Y = —2.56x 10~ ps* £5.6 x 10~ ps’. The relative strength producing an aberration strength at the half maximum frequency
of third-order aberration (12) i€2mu¢y’)/(21¢]) = —0.012.  of (Qumeh’)/(2l¢5) = —0.024.
Although very small, it is apparent in Fig. 11 only because the The most significant aberration expected in this system was
measurement was made over a spectral range wider thanttre due to the output third-order spectral phgge While not
full width at half maximum. affecting the output spectrum or significantly changing the pulse
The temporal phase of the pump pulse was imparted to thalth, its presence in the system would produce a curved output
signal by mixing them in a 50@m thick beta-barium borate time versus input time. To test for this aberration, the output
(BBO) crystal. The crystal was cut at 28.4nd used in a non- spectrum and temporal image of a single input pulse (centered
collinear type-l phase-matching configuration. Although angkst A = 830 nm or{};, = 0) were recorded for numerous input
tuned to phase-match the carrier frequencies, the 94 fs grdimpes;, and their peak locations plotted in Figs. 12 and 13.
delay difference between the fundamental and upconverted sigThe measured width of the output spectrum was always 0.1
nals propagating through the crystal produced a slight filterimgm, limited by the resolution of the spectrometer and optical
effect at the output of the system. This effect is insignificant tmultichannel analyzer, but its central wavelength (frequency in



BENNETT AND KOLNER: ABERRATIONS IN TEMPORAL IMAGING 31

the figure) varied linearly with the input time (Fig. 12), consisthe measurement technique (at leaét3% from fits) and the
tent with our prediction of insignificantly small time lens aberstability of the pump laser. A spectrometer with a 0.3-nm res-
rations. Ignoring aperture effects, the expected output centdution monitored the laser and the center wavelength was ob-
frequency isQow = —7in/¢} = 7in X (=5.6606) x 10*?  served drifting slightly during the day. Theoretically, an uncer-
rad/s/ps. The measured slopelf¥,; /dr, = —6.0244 x 102 tainty in the center wavelength &f0.6 nm produces an uncer-
rad/s/ps is 6% more negative. This is because our measurem#aitsy in the pump and input dispersions=b6.22%. Although
are actually of the peak spectral locations for a superpositiontb&se errors are very small, they produce a significant blurring
rays (spectral components) under conditions where an apodigtiect. Deconvolving the impulse response of the recording elec-
tion produced byP(7) causes preferential transmission of raysonics and the ideal temporal imaging width from the measured
passing through the center of the lens and thus shifts the p@dkps signal pulses obtained here gives an imaging system im-
of the spectrum. pulse response of 18.5-ps FWHM, approximately double the
The recorded temporal images had a width of 24 ps and varidéal value. Clearly small changes caused the system to drift out
in output time as shown in Fig. 13. This linear magnification a#f focus. Blurring due to higher order phase aberrations in this
M = 4102 is 1% less than reported earlier [19], [20]. Measystem are insignificant in comparison to the focus uncertainty.
suring the output signal over a longer range of input times has
resolved a curvature in the magnified pulse timing. Using the VIl. CONCLUSION
pulse’s central time ray &R, = 0 (or equivalentlyAQ =

Tin/#y) to predict the signal timing, the expected output time Ideal tgmporal Imaging components must impart a quadratic
. o phase, either spectrally for the dispersive delay lines, or tempo-
versus input time is

rally for the time lens modulation. The departure of any realistic
) component’s phase from this idealized form will introduce aber-
S ¢_g _— ﬂ Tin (41) rations in the_ syste_:m, the results ofwhich_vary dep_ending on t_he
out = </>’} me oy </>’} system configuration, the type of aberration, and its location in
the system. Aberrations were studied theoretically using both

including the possibility of a slight misfocus and the third-ordefﬁuallI envelope modeling and the propagation of “time rays.” We

output aberration in (36). Fitting the measured data in Fig. 13 10 ve shpwn thatthe ray approach is asimple way to describe the

: space—-time flow of energy in these systems and a useful tool for
(41), using the measured focal GD@( = 0.17666 ps’ found investigating the results of aberrations. Aberrations were mea-
in Fig. 10 gives¢ = —17.843 ps and ¢4’ = 0.0565 ps’. gating ;

These values are 6.7% and 10.7% greater in magnitude tﬁured in an experimental system and found to agree well with

n S : ) .
expected, respectively. The reason is the spectral pulling eff{ﬁ:?ory' L|!<e 'ts. spatial counterpart, _the stgdy of aberrations in
. temporal imaging systems is a rich field, critical to development

mentioned above. Calculating a fit to the data in Fig. 13 usin . :
. . o real instrumentation. The work presented here should serve
the measured(2,.:/dr, from Fig. 12 in place of-1/¢’} in . . L
Y as a foundation on which further analysis is performed.

R "o_ 4 1" 0,
(41) gives¢y = —16.765 ps® and ¢fy’ = 0.04987 ps’, 0.3% Constructing an imaging system with ultrafast resolution and

greater and 2.3% less in magnitude than expected, respectively. e .
The observed curvature in the magnified output time is, thu%%]e magnificatior(|M| > 1) or compressior(|M| < 1)

. . . . . r%' uires an active modulation process configured such that the
consistent with the expected output dispersive aberration. d P g

The average width of the output pulses reported in [19]. [zéiagmtude of its focal dispersion is a very small and precise dif-

i : rence from that of either the input or output dispersion. We
was 18.3-ps FWHM. Deponvolvmgthe 12.5-ps FWHM Impulsﬁave found that setting and maintaining the proper focus is a
response of the recording electronics and 188 x 87 fs =

: . o . challenging task. It requires highly precise measurement tech-
8.96-ps FWHM width of an ideally magnified pulse results i iques and very stable components.

a temporal imaging system impulse response width of approx-
imately 9.89 ps, or 96 fs referred to the input. This system’s
ideal impulse response width is also 8.96 ps, or 87 fs referred to

the input, determined by its initially transform-limited Gaussian [1] J.-C. Diels and W. Rudolpl/itrashort Laser Pulse PhenomenaNew
York: Academic, 1996.

pump pulse duration [23] The observed 10'3(_)/0 blyrring is aC-2] M. w.Kimmel, R. Trebino, J. K. Ranka, R. S. Windeler, and A. J. Stentz,
tually very good considering that the uncertainty in the mea-  “Measuring the intensity and phase of ultrabroadband continuum,” in

surements o} and ¢/} were each approximatelz0.3% and Proc. CLEO 2000San Francisco, CA, May 2000, Paper CFL7.
he | 5.7 FWHM. F he di . hé3] R. Trebino, K. W. DeLong, D. N. Fittinghoff, J. N. Sweetser, M. A.
the lens aperture was 5.7-ps - From the discussion at t Krumbigel, and D. J. Kane, “Measuring ultrashort laser pulses in the

end of Section IV.C, we might have expected blurring as highas  time-frequency domain using frequency-resolved optical gatiRgy.

60% of the aperture width, or about 38% of the ideal response Sci. Inst[u \.vol. 68, pp. 3_277_ 3295, 1997. )
[4] A. Baltuska, M. S. Pshenichnikov, and D. A. Wiersma, “Second-har-

width, simply because of the uncertainty in the focus. monic generation frequency-resolved optical gating in the single-cycle
Although notintentionally changed, the pump and input GDD regime,”|EEE J. Quantum Electronvol. 35, pp. 459-478, 1999.

measurements (Figs. 10 and 11) are, respectively, 0.16% an@! P Togrnois, J.-L. Verner, an_d G. Bienvenu_, “Sur_l’analogie optique de
0.66% less than what was reported earlier [19] [20] This indi- certains montages électroniques: Formation d'images temporelles de
: 0 p ’ : signaux électriquesC. R. Acad. Scivol. 267, pp. 375-378, 1968.

cates a possible 50% error in the bandwidth reduction factor in[6] W. J. Caputi, “Stretch: A time transformation techniquiEEE Trans.
(28), which produces a misfocus in (29). A third set of measure- _ Aerosp. Electron. Syswol. AES-7, pp. 269-278, 1971.

k h later resulted in GDD increases of 0.03% ang] L. S. Telegin and A. S. Chirkin, “Reversal and reconstruction of the pro-
ments taken muc ) U 0 file of ultrashort light pulses,'Sov. J. Quantum Electrarvol. 15, pp.
0.42%. These changes are most likely due to the uncertainty of 101-102, 1985.
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